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ABSTRACT 
propert ies  and accuracy of meteorological rocket 
a r e  summarized. Rocket and rawin wind ob- 
servations for about three yea r s  a r e  compared. Eighty percent of 
the differences between them a r e  within 5 m / s e c ,  although the ex-  
t r e m e s  may reach 25 m l s e c .  The atmospheric layer  represented 
by each reported M/R wind var ies  from about 800 m e t e r s  at 20km 
to 2700meters  near 55 km,  compared with about 1300 to 1600 m e t e r s  
for  rawin winds below 30 km. There a r e  no rocket data yet avai la-  
ble to show the ver t ical  progression of the fall r e v e r s a l  process  at 
high latitudee. 
g ress ion  in  spring. 
Both rocket and rawin data agree  on downward pro-  
Recommendations a r e  offered to enable more  
significant u se  of rocket data. 
iii 
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I. INTRODUCTION 
The a ims  of this study a r e  to: 1) compare Meteorological Rocket Net- 
work (MRN) data and their  interpretation with the corresponding data and 
interpretation of highest level rawinsondes (R/W) to determine their  com-  
patibility, aiid 2) make rezorlmetldations on the desirable  density of the MRN 
for the requirements  of synoptic meteorology of the atmosphere below 
50 km. 
To do this,  a summary  was first made of the l i t e ra ture  describing the 
many rocket and rawin sys tems and their  accuracy. 
a r ranged  in tables to enable convenient summarization of the propert ies  of 
the many methods and comparison of present es t imates  of accuracy. 
The resu l t s  have been 
Using this  mater ia l  as a background, statist ical  studies were  prepared 
of the variation in  thickness of the atmospheric layer  represented by a given 
meteorological rocket ( M / R )  wind, and also of the agreement  of M/R and 
R / W  winds in  regiona of overlapping data. 
An interpretationof rocket wind data was a lso  made to  see how well the 
conclusions agreed  with resu l t s  f rom balloon data. 
ver t ica l  progression of the seasonal  r eve r sa l  of wind in spring and especially 
in fall, for which various resu l t s  h’ave been reported in the l i t e ra ture  based 
upon mean balloon o r  individual rocket ascent data. 
The subject was the 
The density of the MRN is considered f r o m  various aspec ts ,  and recom-  
mendations made f r o m  the viewpoint of atmospheric circulation r e sea rch  
requirements .  
t 
Finally, some suggestions a r e  offered on the improvement of the p re -  
sent  network’s rocket firing program and data reduction methods to provide 
data of maximum usefulness for upper atmospheric research .  
\ T  
c 1 
\ -  
j II. REVIEW OF CHARACTE~~ISTICS AND ACCURACY OF METEOROLOGICAL 
ROCKET AND RAWIN SYSTEMS 
A. Propert ies  of Meteorological Rocket (M/R)  Systems 
There a r e  now so many different combinations of meteorological rockets,  
c a r r i e r s ,  s enso r s  and ground tracking methods, each of which has  different 
character is t ics  which affect the final data interpretation, that Tables la to l e  
have been constructed in an  attempt to  summar ize  some of the major  proper -  
t i es  of these methods of observation. No attempt has  been made to document 
a l l  the details of all available re ferences ,  but ra ther  to compile some of the 
basic facts and opinions regarding the general  charac te r i s t ics  of M/R s y s -  
t ems .  F o r  specific details  regarding the var ious M/R systems,  reference 
can be made to  a r t i c l e s  by the Joint Scientific Advisory Group (1961), Keegan 
(1961), Webb, et  al. (1961), Webb, e t  al. (1962) and aufm Kampe and 
Lowenthal (1963). In addition, IRIG Document No, 105-60 (1961) contains 
extensive descriptions of M/R equipment and techniques. 
Some of the propert ies  of M/R sys tems which re la te  to  the basic  study 
problem w i l l  now be briefly discussed. 
1. C a r r i e r  Vehicles 
A variety of c a r r i e r  vehicles have been used for M/R observations since 
the pioneering Loki -chaff experiments repor ted  by Thaler  and Masterson  
(1956). 
initiated in October 1959, the predominant rocket c a r r i e r s  were Loki I, 
Loki I1 and Arcas .  The la t ter  two have rated altitude capabili t ies,  with 
atandard payloads, aomewhat in excess  of 60 k m .  
limited to  an altitude capability of 160, 000 ft a t  bes t ,  has  now become obso- 
lete.  
Rokeonde 200, Judi and Raven) apparently all have about the same opera-  
tional capability for releasing chaff,  parachute and balloon sphere senso r s  
At the t ime when the Meteorological Rocket Network (MRN) was 
The Loki I, which was 
The rocket c a r r i e r  vehicles now in  use (Arcas ,  Loki 11, Hasp 11, 
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As indicated in the format  of Tables la to l e ,  there  a r e  three  major  
categories of wind sensor:  chaff, parachute and balloon sphere (Robin). 
They have been used in varying proportions since the MRN was instituted. 
During the initial 27-month period f rom October 1959 to  January 1962, out of 
the total  of 950 reported observations,  the approximate breakdown by major  
sensor  category was as follows: parachute, 590; chaff, 250; balloon sphere,  
90 (Webb, et  al., 1962). Recently, however, there  has  been a significant 
change in the relative numbers of wind sensor  types which are being used.  
During the 6-month period f rom Apri l  to September 1963, out of a total of 
487 observations, 276 were chaff, 159 were parachute and 52 were balloon 
sphere.  It i s  quite apparent that chaff is not becoming obsolete, even though 
this type of sensor  cannot provide for concurrent  tempera ture  o r  density 
measurements ,  as in the case  of parachute and balloon sphere sensors .  
Various types of chaff have been used over  the past  8 y e a r s  for rocket 
wind observations. 
measuring winds between 100-300, 000 f t .  
used to any appreciable extent by the MRN; i t  may for all pract ical  purposes 
be regarded a s  obsolete. 
Smith (1960) has  reported on the u s e  of foil chaff for 
However, foil chaff has  not been 
Cylindrical dipoles i n  var ious diameter  s izes  of 
8 
~~ ~~ . 
a t  altitudes of approximately 60 km. 
April  to  September 1963, when a total  of 487 M / R  observations were 
reported,  the following numbers of individual c a r r i e r  rockets were used: 
Hasp I1 (166), Arcas  (143), Roksonde 200 ( 1  l o ) ,  Judi (65) and Raven (3).  
During the recent 6-month period, 
At the present t ime,  there  does not appear to be any systematic bias in 
the M/R data associated with the specific type of rocket which is used for an  
individual observation. However, there  a r e  cer ta in  bias  problems which 
apply to  rocket vehicles in  general ;  a discussion of such factors  as thermal  
calibration shift and rocket velocity ini t ia l lyimparted to the ejected senso r s  
will be contained in Section 11. B. 
2. Wind Sensors  I 
copper and metallized nylon ("suchy") a r e  now in s tandard use ;  1 to 3 lb of 
chaff will provide the o rde r  of a million dipoles a s  a cloud target  for  r ada r  
tracking. 
ent i re  30-60 k m  altitude range, a s  judged against the customary cr i te r ion  
that the fall r a t e s  of effective wind sensors  should fall within the range of 
50-200 f t / sec .  Suchy chaff has  exceptionally good fall r a t e  charac te r i s t ics  
in the 45-60 k m  range, where the 0. 012-inch diameter  chaff, for  example, 
has  a fall rate of 30-60 f t / s ec ;  however, below 45 km, slow descent rates 
a r e  a ser ious disadvantage because of the continual diffusive spreading of the 
chaff cloud. 
observations, will be discussed in a la te r  section of this report .  
(1961) has  commented that chaff soundings will, on the average,  extend 
through a ver t ical  depth of about 13 k m  and occasionally reach  30 k m ;  how- 
ever ,  examination of recent  MRN data reports  has  revealed that chaff wind 
soundings now extend m o r e  typically over 25-30 km. 
Chaff can provide desirable fall ra te  charac te r i s t ics  over the 
Clumping and diffusion problems which a r e  inherent in  chaff 
Keegan 
The parachute category of wind sensors  includes: 1) an 8-ft metall ized 
Mylar parachute used with the Loki I system, and 2)  a 15-ft s i lvered silk 
parachute originally developed for u se  with the Arcas  but now deployed f rom 
other comparable rocket c a r r i e r s .  
is current ly  used only to a limited extent since it can  only provide data to an  
altitude of 120-140, 000 f t .  
sensor  of this  type with a n  altitude capability extending to 200, 000 f t ,  not 
only provides a r ada r  tracking target  for  wind measurements  but frequently 
c a r r i e s  a modified radiosonde (R/S)  flight unit suspended beneath the pa ra -  
chute in o rde r  to provide temperature  sounding data. 
The 8-ft parachute 
The 15-ft parachute sys t emo  now the s tandard 
The average fall r a t e s  presented by Beyers,  e t  al. (1962) show that the 
15-ft parachute descent velocity exceeds the 200 f t / s ec  c r i te r ion  at an a l t i -  
tude of 50 km; this poses a ser ious problem in t e r m s  of averaging out layers  
of significant wind shea r .  
At the present  t ime, other ser ious problems under active investigation 
a r e  concerned with incomplete deployment, poor response to the wind and 
pronounced oscillation of parachute systems (Mur ro r  and Barker ,  1961; 
Murrow and Dozier,  1963). 
9 
The Robin balloon 8phere r ep re ren t s  the most  recent  development in  
wind sensorr ;  a detailed description is provided by Leviton (1961). 
i t  i a  a 1-m diameter 8phere fabricated f r o m  0. 5-mil Mylar which contains 
inside a corner  reflector made f rom aluminized 0.25-mil Mylar. It is in-  
flated to a rupe tpreraure  of &gut 12 mb by the vaporization of liquid iropen- 
tans. 
r ada r  target ir cutomarily tracked by FPS-16 precirion tracking radar .  The 
fall r a t e  of the Robin rphere  ir romewhat higher than that of the 15-ft para- 
chute and, i n  fact , on the average exceedr 200 f t / r e c  above 155,000 f t  
(Beyer r  and Thiele, 1961). 
rphere  maintainr i t a  rhape without deformation o r  collapse, density values 
can a l r o  be obtained on the b a r i r  of drag conriderationr.  
p rogram ir current ly  being conducted to improve the Robin aphere, pr imari ly  
in the a rea  of weight reduction, i. e. , thinner gauge mater ia l  and lighter 
weight inflation medium. In addition, an analytical p rogram i a  being ca r r i ed  
out at NASA's Langley Rerea rch  Center (Reed, 1963) to  a r r e c r  the rerponre 
charac te r i r t fc r  of variour falling and r i r ing rpherical  balloon ry r t emr ,  in- 
cluding the Robin. 
In br ief ,  
The Robin ir deployed f rom an Arca r  rocket vehicle; ita aluminized 
If precir ion tracking i r  available, and if the 
A development 
3. Tempera ture  and Other Senror r  
The temperature renr ing element;.in current ly  rtandard u r e  in  the MRN 
ir  8 g h r r - c o r t e d ,  nearly rpherical  bead thermir tor  (VECO 43A6) which ham 
8 diameter of approximately 10 mi l r  and 1-mil platinum-iridium wirer .  The 
temperature  element i r  mountad much that the air will come into contact with 
it before reaching any other portion of the inr t rument  package. 
The lO-mil bead thermir tor  ham been ured  for  rover81 hundred tempera-  
t u re  roundingr, mortly a i  a p r r t  of the Gammaronde paCk8ge~ 8 modified 
AN/AMT-4 R/S flight ta lemetry unit derigned for the GMD-1 R/S ground 
equipment. Other flight inr t rumentr ,  ruch am the Atearonde,  have ala0 been 
developed and ured which a r e  r h o  bared  upon the GMD-1 R/S  ground equip- 
ment. The AN/DMQ-6 flight unit, under  development by USAERDL, i r  
10 
designed for u se  with the GMD-2 sounding sys tem.  
provide four channels for variable resistance type senso r s ,  s o  that hypso- 
me t r i c  p re s su re  senso r s  and ozone sensors  may a l so  be incorporated a t  
some future date. 
This la t ter  unit will 
As will be shown i n  Section XI. B, temperatxre  rr.easurerr.er?ts accura te  
to within a few degrees  a r e  possible a t  altitudes to 180, 000 ft ,  and adequate 
correct ions may possibly be applicable a t  even higher altitudes to compen- 
sate  for compressional  radiational and internal heating effects. 
The Robin balloon sphere is capable of providing ver t ica l  soundings of 
density on the basis  of accurate  radar  tracking data, es t imated drag co-  
efficients and the assumption of no vertical  wind. Engler (1963) has  de-  
scr ibed r a the r  completely the mathematical rationale and machine data 
processing methods which are current ly  being applied to some of the Robin 
flights, in o rde r  to compute appropriately smoothed values of density and, 
thereby, the p re s su re  and temperature .  
4. Tracking, Telemetering and Recording Equipment 
Listed in  Table IC a r e  most  of the types of r a d a r  equipment which have 
been used at the var ious MRN stations to t rack  the sensor - ta rge ts .  
a r r a y  of radar equipment can  be divided, fortunately, into two genera l  
c lasses :  1) the C-band precis ion AN/FPS-16 r ada r ,  and 2)  all the remaining 
r ada r s ,  which usually operate  i n  the S and X bands and are considerably less 
prec ise .  For example, the tracking precision of AN/FPS-16 is - t 0. 14 mils 
and - t 15 yards ,  as compared to the AN/MPQ-12 (typical of the large c l a s s  of 
modified SCR -584 r a d a r s )  which has a tracking precis ion of approximately 
t 2 mils  and t 40 yards .  
This  
- - 
In addition to r ada r ,  RDF tracking may be used  in the case  of parachute 
observations,  where a flight t ransmit ter  can  be  used in conjunction with such 
ground equipment as GMD-1, double GMD-1 and GMD-2. 
li 
A variety of telemetering units have been developed for  u se  with the 
M/R parachute system. 
the GMD-1 ground equipment includes the Alpha package, the Gammasonde 
(or  Gamma package) and Arcasonde. 
of modification and redesign of the basic AN/AMT -4 radiosonde te lemetry 
unit. 
The flight units which operate  in  conjunction with 
These units represent  varying degrees  
Developed for use  with the AN/GMD-Z system is the AN/DMQ-6 Rocket- 
sonde, which carries a hypsometer in addition the bead thermis tor .  
ANIDMQ-6, which has  been successfully flight tested,  permi ts  the M/R 
observations to be made independently of the r a d a r  equipment on the miss i le  
ranges.  
AN/DMQ (XE-1) four -channel paral le l  telemetering rocketsonde; s enso r s  
flown with this unit will not have to sha re  the te lemeter ing sys tem but can 
each te  lem e te  r s imulta ne ou s ly . 
The 
Also in the designstage for eventual u se  with the GMD-2 is the 
The standard MRN practice regarding the recording of tracking data for  
wind computation is to feed the basic slant range, azimuth and elevation angles 
of the target into a computer which will print  out the position in rectangular 
coordinates and a l so  print  out graphical X - Y  and 2-R plots of the ta rge t  t r a -  
jectory.  The graphical plots a r e  on a scale  of 4000 yd/inch; t ime m a r k s  at 
30 sec  or  1 min intervals  a r e  indicated on the t ra jec tory  plot. 
components can then be read  off between the plotted positions using a cali- 
brated wind scale  overlay.  
Average wind 
In the case  of Robin observations with AN/FPS-16 r ada r  tracking, a 
more  elaborate digital data recording scheme is employed, 
data, acquired at a basic rate of 10 per  second, is recorded  on magnetic tape 
for computer processing to apply the necessary  smoothing and to calculate 
the average winds over selected t ime intervals .  The bas ic  data tapes  can  
a l so  be used with appropriate computer programs to calculate density, p r e s -  
nure and temperature ,  
The tracking 
12 
In the case  of te lemetered data such as tempera ture ,  the AN/TMQ-5 
A reference frequency is a l so  recorded at 2-min R/S recorder  is used. 
intervals  to provide a check on "drift" and to  thereby enable correct ions to 
be made to the recorded frequency values, 
B. Accuracy of Rocket Data 
1. Wind 
A brief summary  of available information 
The separate is presented i n  Tables 2a to 2c. 
relating to M/R wind e r r o r s  
categ o r  ie s of target  r e  spo ns e 
e r r o r ,  tracking e r r o r  and total wind error,  as well as special  r e m a r k s  con- 
cerning instrumental  problems and wind variability implications, have been 
considered for  each basic  type of M/R wind sensor .  
The first extensive analyses  of M / R  wind e r r o r s  were those published 
by L. B. Smith (1960) and Rapp (1960); these articles a r e  both concerned 
with the same s e r i e s  of foil chaff wind observations made over Johnston 
Island and Tonopah, Nevada in 1958, prior to the initiation of the MRN. 
Smith's  analysis  considered all 23 observations covering a n  overal l  altitude 
range of 130-300,000 ft; Rapp's sample w a s  l imited to selected observations 
within the altitude range of 235-265,000 ft. 
wind e r r o r ,  Rapp and Smith both used  a s ta t is t ical  estimation technique 
which depends upon the analysis of differences between simultaneous sets of 
data obtained by two individual r ada r s .  
regarding the total  wind e r r o r  were  i n  substantial agreement:  20 v s  23 knots, 
respectively,  as the s tandard e r r o r  deviation of the vector wind. 
In o rde r  to es t imate  the total  
The conclusions of Rapp and Smith 
a. Instrumental  E r r o r  
Smith (1960) provides a detailed estimate of the wind e r r o r  due to instru-  
mental  inaccuracies  alone, based upon the method descr ibed by de Jong 
(1958). This  procedure provides est imates  of maximum wind e r r o r s  as a 
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function of ra ted instrumental  e r r o r s  in slange range and the elevation and 
azimuth angles. It is assumed that the instrument e r r o r  is independent of 
the measured  argument,  e. g . ,  the e r r o r  i n  elevation angle does not depend 
upon the particular value of the elevation. de Jong considers  the two limiting 
c a s e s  wherein the target  is either moving away along the line of observation 
o r  i t  is moving in a direction perpendicular to the line of observation. 
de Jong's two expressions,  a s  presented in L. B. Smith 's  slightly 
modified notation, a r e  as follows: 
where: 
d = e r r o r  standard deviation 
At = t ime interval  between observations 
h = height of the target  
d = horizontal distance out 
s = speed 
e L  = elevation angle 
R slant range 
a! = azimuth 
Equation (1)  applies to a target  moving directly away, and Equation (2 )  
applies to target  motion perpendicular to the line of observation. 
Smith computed values of u for  altitudes 60-90 km and horizontal  d i s -  
tances 20-150 km on the bas i s  of both Equations (1)  and (2 )  and presented in  
h is  table the g rea t e r  of each pair  of values as the maximum r m s  e r r o r  due 
to tracking inaccuracy. Using these same  expressions,  we have c a r r i e d  out 
the calculations for the altitude range 30-60 km; the resu l t s  a r e  presented in  
Table 3. 
S 
Table 3. Est imated Range of r m s  Wind E r r o r  (knots) due to  
Tracking E r r o r  f o r  Modified SCR -584 Radar* 
Altitude 
Ikm) 20 
Horizontal Distance (km)  
40 60 100 150 
1 . 8  - 2 .7  - 3 . 6  2 .8  - 5 . 4  2 . 8  - 9 . 0  2 .8  - 13.5 
3 .6  - 5 .4  3.7 - 9 . 0  3 .7  - 13.5 1. 8 - 3. 6 
1.8 - 4 . 5  3.6 - 4 . 5  4 . 5  - 5 . 4  4 . 5  -9.0 4 . 5  - 13.5 
5 . 4  - 13.5 5 .4  1 .8  - 5 . 4  3 .6  - 5 . 4  
- - - -30 
40 
50 
60 
- - -3.6 --
- - - - -
5 . 4  - 9 .0  - - - --
*See text for dercr ipt ion of method and assumptions involved. 
It should be noted that the table contain8 the range of e r r o r  valuer r e -  
sultIng f rom the repara te  calculation8 with Equations (1) and (2); the e r r o r  
which would apply to  a par t icular  observation would urually fall somewhere 
within the indicated range,  
been underlined. F o r  a given altitude, the wind e r r o r  i r  relatively conetant 
for  a t a rge t  moving along the line of observation, but i nc rease r  l inearly with 
horizontal  dirtance in the base of a ta rge t  moving perpendicular to the line of 
observation. On the other hand, for  a given horizontal  distance Out, the 
wind e r r o r  computed f rom Equation (1)  i nc reases  r a the r  l inear ly  with alti- 
tude, and the wind e r r o r  calculated f r o m  Equation (2)  is relatively constant. 
The valuer computed f rom Equation (1) have 
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It should a l so  be noted that Q i n  both cases  is inversely proportional to the 
At, the t ime interval between observations. 
it should be s t ressed ,  apply to a At of 1 min and would significantly change 
for o therAt  values. 
8 
The calculations presented here ,  
i f  we now consider the estimated radar tracking e r r o r  for  M/R winds 
presented by the MRN Joint Advisory Scientific Group (1961), i. e. ,  of the 
f orde r  of 3 m / s e c  o r  l e s s  for FPS-16 and Mod I1 r ada r ,  this es t imate  would 
appear to be a reasonable one to  apply to typical conditions where the hor i -  
zontal distance does not exceed 60 km. 
Realist ic es t imates  of the tracking e r r o r  can be made, therefore ,  on the 
bas i s  of de Jong's mathematical  model. 
that there  a r e  sophisticated s ta t is t ical  techniques for data "beneficiation" 
which can reduce the effective tracking e r r o r  for a par t icular  system. 
example, i n  the case  of winds computed from Robin-FPS/ 16 observations,  
the basic  r ada r  tracking data can be obtained a t  a high acquisition ra te  and 
then subjected to various smoothing processes  in order  to eliminate the effect 
of l a rge r  e r r o r s .  Engler and Wright (1962)  and Engler (1963) have discussed 
in detail  the rationale, the problems and the benefits of such smoothing pro-  
cedures  as applied to Robin wind observations.  
It should be pointed out, however, 
F o r  
b. Targe t  Response E r r o r  
Another important category of e r r o r s  i n  M / R  wind measurements  is that 
Jenkins (1962) has  s ta ted that the response aarociated with target response.  
t ime of s enso r s  is not a ser ious  problem below 200, 000 f t ,  and that is c e r -  
tainly the case relative to the extremely ser ious  problems generally encoun- 
t e r ed  above this altitude. There  a r e ,  nevertheless,  cer ta in  aspec ts  of the 
M / R  target response problem which will now be briefly considered. 
Lally and Leviton (1958) have provided the basic  paper dealing with the 
response of falling objects to the ver t ical  wind pattern,  
quoted conclusions are: 
Their  frequently 
1) "the ability of a falling object to respond to a 
given wind shear  is a function only of the fa11 velocity", and 2 )  an object 
falling a t  speeds in excess  of 70 m / s e c  will not respond satisfactorily to a 
wind shear of as little as 0. 02 uni ts /sec" .  
that  proposed balloon sphere,  parachute and chaff systems could each p e r -  
form satisfactorily to 60 km. The conclusions of more  recent investigators,  
e. g . ,  Beyers ,  e t  a l .  (1962) and Jenkins (1962) have substantially agreed with 
Lally and Leviton's initial es t imates .  
Lally and Leviton a l so  concluded 
Beyers,  et al. (1962) clearly point out that there  a r e  problems inherent 
in rocket wind measuring systems which a r e  not found in other standard 
methods, i. e . ,  rawinsonde ( R / W )  systems.  These problems include possi-  
ble e r r o r s  introduced through excessive fall velocities of both parachutes and 
chaff, chaff dispersion, and parachute s l ip  and glide. The crit icali ty of high 
sensor  fall r a t e s  va r i e s  with the particular ver t ical  wind s t ruc ture  through 
which the sensor  i s  falling. Beyers ,  e t  al. (1962) present  a graph of wind 
shear  e r r o r  vs  altitude for the 15-ft parachute system (based upon Lally and 
Leviton's tabular values,  1958). An impressively la rge  spread  of e r r o r  
values i s  possible, depending upon the wind shea r ;  as a n  example, a 24-knot 
e r r o r  a t  60 k m  would be associated with a r a the r  modest ver t ica l  wind shear  
of 6 knots/lOOO f t .  
C ylindrical dipole chaff has  excellent fall r a t e  charac te r i s t ics  above 
150, 000 f t  as compared to the 15-ft parachute and Robin sys tems,  but the 
basic dispersion problem significantly de t rac ts  f rom the usefulness of chaff 
sys tems and se rves  to introduce a somewhat unassessable  element of e r r o r  
into winds obtained by this method, 
nylon chaff indicate that these chaff payloads d isperse  over regions of grea te r  
than 35 cu miles  within 20 min of chaff deployment and over 50 cu mi les  i n  
30 min (Beyers,  et a l . ,  1962).  In addition, the r ada r  usually shows two o r  
more  particular a r e a s  within the chaff cloud that ref lect  substantially more  
energy than other a r e a s  within the cloudp and it may be assumed that these 
bright spots will vary with t ime.  
ver t ical  wind profiles obtained by chaff with those made with other sensors ,  
Radar  observations of 0. 012 cylindrical  
Aside f rom qualitative comparison of 
. 
no pract ical  a s ses smen t  has  been made of the wind e r r o r  resulting f rom 
chaff dispersion. 
placed upon B a r r ' s  (1960) theoretical  computations, which showed that below 
200, 000 ft,  the chaff would t rack  the wind practically instantaneously and no 
correct ion to the wind as measured  by the r ada r  would have to be made; this 
statement is certainly t rue  as far as i t  goes, but does not encompass a l l  
aspec ts  of the target  response problem fo r  chaff wind sensors .  
It would appear that undue emphasis  has  sometimes been 
In the case  of the Robin sphere,  Lenhard and Wright (1963) have shown 
that the representative r m s  vector e r r o r  for  Robin winds increases  f r o m  1 to 
7 knots for collapsed spheres ,  as compared to those which r ema in  fully 
inflated. 
Another special  problem related to M / R  wind measurements  is the possi-  
ble bias  effect on wind measurements  made close to the t ime of sensor  
explusion f rom the rocket. It has  been shown, however, that all of the initial 
horizontal  velocity component due to the rocket velocity disappears  within 
l e s s  than 2 minute (Beyers ,  et  al . ,  1962). 
c. Overall  E r r o r  
As indicated in Table 2b, t he re  a r e  numerous published est imates  and 
opinions regarding the overal l  e r r o r  in M / R  wind data. 
type and number of data which happened to be available at the t ime,  as well a s  
the nature of the assumptions which were made in performing the e r r o r  
analysis .  
tended with: the exact meanings of "uncertainty", "e r ror"  and "accuracy", 
and whether they a r e  being applied to component or  vector e r r o r ,  a r e  not 
always c l ea r .  
Each ref lects  the 
In addition, there  is somewhat of a "semantic b a r r i e r "  to  be con- 
Our studies have shown that the size of the tracking e r r o r  and the target  
response e r r o r  depend to a la rge  extent upon the ambient wind conditions. 
Therefore ,  any rea l i s t ic  es t imates  of overall M/R wind e r r o r  should properly 
be based upon appropriately weighted samples which would take into full 
21 
account the various diverse  fac tors  which may contribute to the overall  
e r r o r .  
cised.  
dard  deviation), a value of 10-20 knots s e e m s  reasonable. 
Lowenthal's wind accuracy est imate  (1963) of 5 mph seems  to be quite low 
for present -day conditions. However, only more  careful,  comprehensive 
parametr ic  evaluation of M / R  wind e r r o r  can yield the definitive answer.  
However, t rue  scientific caution cannot always be conveniently exer  - 
Thus, as a general  es t imate  of the overal l  wind e r r o r  (vector s tan-  
Aufm Kampe and 
2. TemDerature 
A summary of estimated e r r o r s  in M / R  t empera ture  and density data is 
presented in Table 4. It is not absolutely cer ta in  whether these values 
represent  standard e r r o r s ,  probable e r r o r s  o r  two-standard deviation 
e r r o r s .  In the case  of Wagner, e t  al. (1961), the est imate  of - t 2°C for 
temperature  e r r o r  to 60 k m  can be taken to represent  the standard e r r o r ;  
the estimate of temperature  e r r o r  within t 2°C below 45 k m  and within - t 5°C 
to 56 k m  (Wagner, 1961) can be taken to represent  approximately the two- 
s tandard deviation e r r o r ,  o r  the range within which some 95 percent of a 
population of normally distributed e r r o r s  would occur .  
Beyers ,  et al. (1962) of - t 2°C for uncorrected temperature  data to 57-60 km 
is regarded as  a standard e r r o r ;  s imilar ly ,  the est imate  of t 0. 5°C for  c o r -  
retted temperature data by the same  authors is  regarded as a s tandard e r r o r .  
The estimate of -1°C e r r o r  in tempera ture  measurements  to 50 k m  (aufm 
Kampe and Lowenthal 1963) is regarded a s tandard e r r o r ;  this es t imate ,  i t  
should be noted, applies to  perfect ly  aluminized thermis tor  beads,  otherwise 
the e r r o r  is  l a rger ,  althoughit probably does not exceed 5°C.  
- 
The est imate  by 
- 
By way of summary ,  then, the s tandard e r r o r  in M/R t empera ture  m e a -  
surements  is approximately t 1°C in the 30-45 k m  range,  increasing to a 
value of - t 2 " C  near 60 km. These values apply to uncorrected tempera ture  
data obtained under average conditions; Beyers ,  e t  al. (1962) have reported 
that appreciable e r r o r  reduction can  be achieved by applying appropriate 
corrections,  
i nc reases  very rapidly above 60 km. 
- 
It should be mentioned in passing that the tempera ture  e r r o r  
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Certain problem areas a r e  s t i l l  not completely resolved in regard  to 
self -heating, solar  radiation, fall velocity and instrumental  t ime constant. 
In addition, Wagner, et al. (1961) have pointed out that very  large tempera-  
t u re  e r r o r s  may occasionally resu l t  f rom a calibration shift due to nose cone 
heating during rocket ascent .  
corrected,  however, i f  paral le l  R / S  tempera ture  data a r e  available. 
as will be discussed in Section VI of this report ,  the cu r ren t  practice is to 
c o r r e c t  the M/R tempera ture  profile to ag ree  with the overlapping portion of 
the R /S  temperature  profile, when such data a r e  available. 
Large systematic  e r r o r s  crf this type can be 
Indeed, 
The e r r o r  situation i n  r ega rd  to density measurements  with the Robin 
sys tem have been brought into focus by seve ra l  wr i t e r s ,  including Leviton 
and Wright (1961), Engler (1963), and Kern  and Rapp (1963). 
reasonable to  a s sume  that the density can  be  measured  by the Robin sphere  
to  within t 3% over the 30-60 k m  altitude range i f  the ver t ical  motion is 
real ly  negligible and if  the balloon is in  a fully inflated state.  
It s e e m s  
- 
C. Propert ies  of Rawinsonde (R/W) Systems 
The general  charac te r i s t ics  of R/W sys tems a r e  considered to be so 
well known that specific details  of the equipment and procedures  which a r e  
used for a s e r i e s  of observations a r e  seldom made a par t  of the f inal  data 
record.  For example, the IRIG-MWG s e r i e s  of data repor t s  for  the MRN do 
not specify the c a r r i e r  vehicles,  s e n s o r s  and other equipment used to make 
the accompanying R / W  observations. Nor do any of the upper -a i r  stations in  
the U.  S. report  the type of equipment used.  This is a ser ious  omission, as  
the R / W  wind e r r o r  i s  dependent upon the type of flight and ground equipment 
used. 
A small  attempt has  been made in Tables  5a and 5b to summar ize  a few 
of the significant charac te r i s t ics  of cu r ren t  R / W  systemer, including the new 
r is ing sphere method of detailed wind determination based upon very  accura te  
FPS-16 radar tracking. 
prehensively with cer ta in  particular a spec t s  of R / W  sys tems o r  which deal  
There a r e  numerous re ferences  which deal  com-  
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in a very  broad way with the general  properties of a tmospheric  sounding 
sys tems.  
plete , up-to-date detailed document which comparatively descr ibes  the 
various R/W systems,  their  accuracy,  and the extent to which they a r e  
current ly  being used  by U. S. military and civilian agencies;  this deficiency 
is even more  ser ious on the international scale.  
Geophysics ( rev.  ed. , 1960), only a ve ry  b r i e f  account (one page of text and 
three  pages of tables) is provided for R / W  systems,  as compared to the 20 
pages devoted to  the various detailed properties of constant level balloons, 
which a r e  newer and m o r e  interesting but operationally still far l e s s  impor-  
tant. 
of the var ious R/W equipment which have evolved f rom the original Diamond- 
Hinman sys tem of the 1930's. 
Unfortunately, there does not appear to exis t  at this  time a com-  
In the USAF Handbook of 
Haig and Lally ( 1958) and Myers  (1962) provide genera l  descriptions 
Recent developmental work in fast -rising, high-altitude balloons , 
hypsometric p re s su re  sensors ,  standardized radiation correct ions for tem-  
pera ture  measurements  and GMD-2 remi t te r  -type RDF tracking equipment 
will ensure a future R/W system which can provide acceptably accura te  
wind, tempera ture  and other data to altitudes of 30-35 km. 
t ime, however, the R/W wind data situation is confused, since improved 
equipment has  been incorporated i r regular ly .  
in the MRN, for  example, R/W observations a r e  s t i l l  being made with the 
GMD-1, thereby providing a l e s s  detailed and accurate  ver t ical  wind profile 
than could be provided by GMD-2 data for comparison with meteorological 
rocketsonde winds. 
At the present  
Even at the various stations 
The extent to  which the hyposmeter has replaced the aneroid ce l l  is not 
known, yet the difference in  reliability of p r e s s u r e  height8 at 10 m b  by the 
two methods make8 this seneor identification imperative.  Similarly,  the 
type of the rmi r to r  and i t s  exposure and whether o r  not radiation correction8 
a r e  included i n  the reported temperatures  should be indicated. 
The re  is, thus, a definite need at the present  t ime to  determine experi-  
mentally and to publish a comprehensive summary  of the high-altitude pe r -  
formance charac te r i s t ics  of R/W systems i n  cu r ren t  u se  and to indicate i n  
repor ted  data ,  which senso r s  were used. 
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D. Accuracy of Rawinsonde Data 
There were a t  least  five different radiosonde sys tems used in the United 
States i n  1958 (Teweles and Finger ,  1960) each having different propert ies ,  
and a large number of foreign sondes differing widely f rom the U .  S. models 
and from each other.  
routine use in the troposphere for  which i t  was designed. 
sion to the s t ra tosphere by the use of l a rge r  balloons, however, has  in t ro-  
duced serious questions of accuracy which are seldom faced until the appli-  
cation demands i t .  What is needed, c lear ly ,  is a s t ra tospheric  balloon 
sounding sys tem designed for the levels f rom 15-35 km. 
The accuracy of the R / S  appears  acceptable for  
Its gradual exten- 
To properly in te rpre t  R/W wind data and to es t imate  i t s  probable e r r o r ,  
adequate information on thermis tor ,  p r e s s u r e  sensor ,  balloon type, free 
lift, tracking equipment, data processing techniques, and operational p rac  - 
t ices  must be known. 
resolution of 4-min averaged R / W  data is 4000 ft ,  based on a n  assumed con- 
stant ascent ra te  of 1000 ft /min. However, average ascent  r a t e s  of 1400 
f t /min  at 100, 000 f t  have been repor ted  (Sharenow, 1958). 
ing atmospheric layer represented by each observation is thus 5600 f t .  
F o r  example, i t  is  often believed that the ver t ica l  
The correspond-  
It would be most  desirable  if  values of s tandard e r r o r  could be included 
with all published meteorological data;  at sma l l  additional cost ,  the useful- 
ness  of all.R/Wand rocket data would be considerably enhanced. 
The e r r o r s  in the present non-transponder R/W sys tems include all 
those of the R / S  upon which it is dependent for height computations. 
summary of information relating to  R/W pres su re ,  t empera ture  and wind 
e r r o r s  is  presented in Table 6. 
little which can  be added to the r e m a r k s  contained in the table: the standard 
temperature  e r r o r  for U. S. inst ruments  has  been ra ther  c lear ly  established 
as approximately - t 1°C in the t roposphere,  gradually increasing to an 
approximate value of t 2°C near  100, 000 ft. 
A brief 
Concerning the tempera ture  e r r o r ,  there  is 
- 
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According to an Air Weather Service study (1955), there  a r e  two pr inci-  
1) the height pal components to  the e r r o r  in the height of p re s su re  surfaces:  
e r r o r  which corresponds to the p re s su re  e r r o r  in the aneroid unit, and 2)  the 
e r r o r  in the height of the p re s su re  sur face  which resu l t s  f rom the integrated 
e r r o r  in successive thickness calculations. This la t ter  e r r o r  i s  predomi-  
nantly caused by the e r r o r  in determining the mean vir tual  temperature  of 
each calculated layer ( a  negligible e r r o r  effect is produced by the mean 
e r r o r  in the measurement  of pressure) .  
p ressure  height e r r o r  associated with R/S aneroid elements of that t ime. 
Table 7 presents  es t imates  of the 
Table 7. P r e s s u r e  Height E r r o r s  of Radiosondes* 
E r r o r  i n  Height of Cor responding Standard Deviation 
P r e s s u r e  P r e s s u r e  Surface P r e s s u r e  of True  Height 
(mb)  (CHI, ft Error*’K, f t  P Z ) S  ft 
700 
500 
300 
200 
100 
50 
25 
10 
34 
67 
119 
161 
229 
29 1 
355 
456 
111 
144 
219 
315 
41 8 
630 
1257 
3 140 
116 
159 
250 
354 
477 
694 
1306 
3173 
* F r o m  Table 12, AWS TR 105-133, Accuracies  of Radiosonde Data (1955). 
** 3 mb u p  to and including 200 mb; 2 mb  a t  100 mb, and 1. 5 mb  above. 
Suprieingly little has  ever  appeared in the l i t e ra ture  regarding the actual 
e r r o r  distributions for  high-level R/W winds measured  by the SCR-658, 
GMD-1 and WBRT-57, and the GMD-2 sys t ems ,  even though es t imates  of 
wind accuracy should be essent ia l  for all s t ra tospheric  circulation studies. 
Some excellent a r t ic les  have dealt with certain aspects  of the upper level 
wind e r r o r  problem, such as de Jong's generalized analysis of upper level 
wind e r r o r s  (1958), but a comprehensive,  definitive analysis of actual e r r o r  
distributions as a function of altitude, equipment and climatological wind 
profile has  yet to be made. 
many a r t i c l e s  which have been concerned with the problem of wind shear  
measurement  but which have often avoided the question of basic  e r r o r s  in the 
reported winds. 
This is  a rather  glaring deficiency in view of the 
The mat te r  of R / W  wind e r r o r  assessment  i s  admittedly difficult, as 
special  observational s e r i e s  of R/W flights a r e  required.  
analysis can  be based upon: 
developed by Rapp (1952) to es t imate  the variability and instrumental  e r r o r  
of the AN/GMD-1 system, o r  2 )  straightforward analysis of measured  winds 
compared with an accurate  standard,  e. g . ,  the comparison of winds measured  
by AN/GMD-2 with those measured by four -station Askania type photo- 
theodolites (Keily and Beaubien, 1963). However, i n  the fo rmer  case ,  
Rapp's es t imates  of wind e r r o r  for the GMD-1 system only extend to 8. 5 km, 
and in the la t ter  case ,  Keily and Beaubien's resu l t s  only apply to  selected 
conditions of low wind speed profiles. 
The e r r o r  
1) ingenious s ta t is t ical  methods such as those 
Any meaningful analysis of upper wind e r r o r  must  consider e r r o r  as a 
function of the ta rge t - t racker  distance and the elevation angle, 
(1959) considers  GMD-1A wind e r r o r  in t e r m s  of balloon height and elevation 
angle, for  averaging intervals  of approximately 2000 ft below 14 km and 
4000 f t  above this level, 
e r r o r  a s  follows: 
Johannessen 
He expresses  the dominant t e r m  of the wind vector 
0 .9  h x u =  
s i n 2  a V 
where: 
= r m s  wind vector e r r o r  in knots uv 
h = height of the balloon in thousands of feet 
(r = elevation angle. 
The elevation angle i s  determined by the mean wind speed below the level in 
question, except in cases  of very pronounced directional variability where 
the mean wind speed and mean wind vector a r e  substantially different. 
Johannessen proposes that this method be used to compute the e r r o r  envelopes 
at selected probability levels for specific ver t ica l  wind profiles. 
If, for example, we apply Johannessen's e r r o r  equation at  100, 000 f t  
altitude, we can obtain an  estimate of the wind e r r o r  at  this level as a func- 
tion of the associated elevation angle: 4 knots a t  30"; 8 knots a t  20"; 13 knots 
at 15"; 27 knots a t  10". 
with a mean speed f rom the surface to 100, 000 ft (neglecting for the moment, 
although still recognizing, the possible effects of directional variability), 
and a s sume  a mean ascent  ra te  of 17 f t / s e c ,  we can compute a 4-knot e r r o r  
for a mean speed vs = 17 knots; 8-knot e r r o r  f o r  v8 = 28 knots; 13-knot e r r o r  
for vs = 38 knots; and 27-knot e r r o r  for vs = 57 knots. 
f rom this crude example, that wind e r r o r  a t  100, 000 ft cannot be overly 
generalized, either as an absolute value o r  as a percentage of the mean wind. 
If we now consider Lenhard's (1959) es t imate  of 13 knots for the GMD-1 wind 
e r r o r  a t  100,000 ft,  i t  can  be seen to correspond to a mean speed f r o m  the 
surface to 100, 000 ft of 38 knots and an  elevation angle of 15 degrees ,  assuming 
no directional variability i n  the wind. 
been considering he re  a r e  the minimum possible speeds for  the unidirectional 
ca se ;  they would, of course,  be underest imates  of the average speeds actually 
occurring from the surface to 100, 000 ft under condition of a pronounced 
et ratosphe r i c  wind rever  s al) , 
If we now associate  each value of elevation angle 
It is apparent,  even 
(The values of mean speeds we have 
1- 
The wind e r r o r s  for the "Rose" sys tem of sma l l  metall ized ascending 
balloon spheres  t racked by precis ion FPS-16 r ada r  are est imated to  be quite 
small ,  approximately 1. 5 knots for  5-sec  t ime-averaged winds at 60, 000 ft 
(Leviton, 1962). There  is still some question as to the applicability of this 
sys tem a t  higher altitudes of 100, 000 f t  o r  more,  but the possible advantages 
of wind measurements  by this prec ise  radar  tracking sys tem for the MRN 
should be m o r e  thoroughly explored. 
The natural  variability of the wind has  an important bearing upon the 
s ize  of the measuring e r r o r  which can be tolerated and the type of data pro-  
cessing required to obtain "representative" wind values.  The temporal  and 
spat ia l  variability of winds i n  the troposphere has  been ra ther  extensively 
explored down to sca les  of the o rde r  of severa l  minutes and a few mi les  
(Ellsaesser, 1960) but with one exception (Mantis, 1963) very little d i rec t  
information on that scale is available for  levels in  the vicinity of 100, 000 ft,  
which is often a t  the very fringe of electronic o r  optical tracking capabilities. 
The problem of wind variability will be discussed in the next section on the 
comparison of R/W and M/R wind data. 
E. Comparison of Rocket and Rawin Systems 
1. Wind - 
The basic  a im of this study is to evaluate the degree to  which cu r ren t  
M / R  and R/W data a r e  compatible, and to recommend potential improvements 
fo r  the increased  compatibility of such data. 
the two sys t ems  just  outlined will now be compared as background for the 
s ta t is t ical  es t imates  in  the next section. 
Some of the charac te r i s t ics  of 
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a. Observational Bias 
The limitations of R / W  wind measurements  a t  high altitudes have been 
long recognized and may very ser iously affect the representat iveness  of 
upper wind s ta t is t ics .  
tions a re :  
Some of the principal deficiencies of R / W  observa-  
There  is a s t rong bias in  favor of weak winds at high levels 
which permi t  a balloon to  remain  within observation range 
and acceptable elevation angles longer. 
F o r  the same reason,  a r e v e r s a l  of flow at higher levels 
may be reported with g r e a t e r  proportional frequency than 
ascents  without r eve r sa l s .  
Winds taken with radio direction equipment o r  other  
methods which uti l ize R/S data  to  determine height, suffer 
f rom all the e r r o r s  inherent in  s t ra tospher ic  R/S m e a s u r e -  
mente due to aneroid and thermis tor  e r r o r s  and resul tant  
e r r o r e  in height computations. Hence, winds may be 
ascr ibed  to incor rec t  levels  in a not always systematic  
fashion eince the inetrumentation e r r o r s  may be random. 
The number of balloone reaching highest levele is frequently 
a function of air tempera ture ;  hence,  ascents  in warmes t  
conditions are more  likely to reach  highest levele (10 mb, 
for example) than those taken during coldest  air t empera -  
turee.  
Certain large etations have be t te r  balloons, techniques, 
facilitiee and other eupplies for  obtaining high ascents .  
The propert ier  of MRN obeervations a r e  not yet sufficiently recognised 
for their  observational limitation0 to have been discuered in the l i t e ra ture .  
It ir quite obvioue, however, tha t  the t ime and frequency of aecsn ts  are not 
yet regular,  but a r e  apparently determined by operational range support  
requiremento.  Thue, rocket winde a t  present  suffer mainly f rom erratic 
and infrequent frequency of obeervation with the reeul t  that  climatological 
reductionr at mor t  stations a r e  of weak eignificance. 
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The common practice of extending R / W  data upward using the nearest  
M R N  station implies  a continuity in  space and t ime which is doubtful. 
when the MRN and R / W  data are taken a t  the same  station, l a rge  differences 
may resu l t  due 
of the measurements  and processing methods, to which we now pass ,  
Even 
not only to t ime and space differences but, charac te r i s t ics  
b. Sensor Response 
Due to  the more  rapid movement of M/R senso r s ,  the response lag 
problem is considerably more  ser ious  for M/R than R / W  wind measuring 
sys tems.  
and the continuous diffusive spreading of chaff s e rve  to l imit  the sensitivity 
and the accuracy of present-day wind observations by these methods. 
Relatively high fall r a t e s  for  the 15-ft parachute and Robin sphere  
The ascent  rate of R / W  balloon sys tems is of the o rde r  of 20-25 f t / s e c  
and is relatively constant, possibly increasing on the o rde r  of 1 f t / s ec  per  
10, 000 f t  throughout the altitude range of 80-100, 000 f t .  This  relatively slow 
and steady ascent  ra te  for R/S balloons is a g rea t  advantage in  t e r m s  of pro-  
viding a naturally consistent scale  of wind measurement.  
in the var ious M/R systems only 0. 012 nylon chaff can be sa id  to  provide a 
reasonably consirtent fall rate:  a decrease  f rom 55 to 30 f t / s e c  over the alti- 
tude interval  200-150, 000 ft, and this represents  a change in fall rate of 
approximately 5 f t / aec  per  10, 000 f t  (or  five t imes  the comparable value fo r  
R/W sys tems) .  
diffurive sp read  introduces a n  eve r  increasing uncertainty into the tracking 
positions as the sounding progressee .  
been rtipulated by MRN f o r  terminating chaff observations o r  rejecting chaff 
porition data when the diffurion spread  of the chaff cloud no longer permit8 
effec tive tracking , 
By comparison, 
Unfortunately, however,  chaff is  a multiple sensor ;  its 
No objective procedure has  apparently 
In the carer of the 15-ft parachute and the Robin sphere,  the dercent  
r a t e s  are not only a bit  excessive f r o m  50-60 km, but there  is a very  pro-  
nounced r a t e  of change in the fall ra te .  For the parachute system, the 
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average descent r a t e  is some 350 f t / s ec  a t  200, 000 ft, decreasing to approxi- 
mately 160 f t / s e c  a t  150, 000 f t  ( for  a change i n  fall ra te  of 38 f t / s e c  per  
10, 000 f t ) ,  and fur ther  decreasing to about 50 f t / s ec  a t  100, 000 ft (for a 
change i n  fall ra te  over  this lower altitude interval of 22 f t / s ec  per 
10,000 ft). 
in fall ra tes  a r e  even higher.  
F o r  the Robin sphere system, the fall r a t e s  and r a t e  of change 
In the vicinity of 100, 000 ft,  the average descent r a t e s  for all the 
various M / R  systems a r e  approximately twice the magnitude of the average 
R / W  ascent ra te .  
to the opposite direction of the lag effect, a r e  facts which should be con- 
s idered  and balanced against other fac tors ,  such a s  time and apace reso lu-  
tion of measurements ,  especially when substantial  ver t ica l  wind shear  i s  
present so that sensitivity of wind measurement  becomes an important con- 
s ider  ation. 
This disparity in  the natural  measuring scale ,  in  addition 
Compatibility of M / R  and R / W  wind data i s  only obvious in the vicinity 
where these data overlap, but i s  nevertheless a significant factor to consider 
i n  the combined use  of ruch data.  Consider,  for example, the joint use 
which is  typically made of R / W  and M/R data to construct  ver t ica l  prof i les  
of the component winds from the surface to 60 km, e .  g . ,  the IRIG-MWG data 
reports .  
to modify these profiler rubjectively, if indeed he can a t  all,  to account for 
effects ar is ing from variable sensor  responre.  
compounded, a r  will be rhown, a r  a resu l t  of cur ren t  data procesr ing tech-  
nique 8 .  
The u r e r  of such information current ly  c a r r i e s  the burden of having 
This  problem i s  fur ther  
c. Tracking Equipment 
Another important category of M/R and R / W  data difference8 i r  arro- 
ciated with the many d iver re  typer of tracking equipment current ly  in u r e  a t  
the variour M R N  range statione. 
the prerent  hodgepodge of R D F  and r a d a r  tracking sys tems will eventually 
Some degree of etandardization mur t  occur;  
give way to  a grea te r  uniformity of tracking (and flight) equipment. 
of basic allocation and interference problems for radar  operation a t  the 
la rger  miss i le  ranges,  an advanced RDF system such as the GMD-2 may be the 
solution. F o r  M/R wind measurements ,  the 15-ft parachute with AN/DMQ-6 
flight unit could then become the standard observational technique. 
In view 
At the present  t ime, however, the non-standardization of tracking equip- 
ment introduces a variable difference between R / W  and M/R data. 
data a r e  generally obtained with a GMD-1 tracking unit, and rather  often 
(especially in winter during conditions of strong, consistently wester ly  flow) 
the wind data at the highest levels,  say 80-100, 000 ft ,  a r e  based upon posi- 
tion data obtained a t  the outermost  fringe of this tracking sys tem's  capability. 
The R / W  
However, in the case  of M / R  wind data, the radar  tracking equipment i s  
operated well within i t s  range and low angle capability since the c a r r i e r  roc -  
ket r e l eases  the sensor  approximately overhead and the fall r a t e s  a r e  r e l a -  
tively high. It has  been clear ly  demonstrated that the FPS-16 r ada r  unit is 
capable of providing M / R  wind data which i s  greatly superior  in resolution to 
that obtained by the GMD-1 o r  by other radar  t rackers .  The FPS-16 can 
skin- t rack the c a r r i e r  rocket and thereby permit  f a s t e r ,  m o r e  reliable 
acquisition of the wind sensor  following ejection. 
is ve ry  expensive and can not be used everywhere; as a resul t ,  the tracking 
e r r o r  in  M / R  wind data is variable,  depending upon the particular tracking 
system. This strongly suggests the desirability of a t  l eas t  c lear ly  labeling 
each M/R wind observation according to the type of tracking equipment used, 
and possibly even including a s  a n  integral  par t  of the observational data an  
es t imate  of the wind tracking e r r o r .  
Unfortunately, the FPS-  16 
d. Data Proceesing and Reporting Techniques 
The disparity between M/R and R / W  wind data which resu l t s  f rom 
different techniques of processing and reporting r ep resen t s  another important 
problem a r e a ,  but fortunately a n  a r e a  where significant improvement could 
be most  readily made. 
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The standard procedure for R / W  wind data above 14 k m  is to compute 
4-min average winds reported a t  2-min intervals  f rom positions obtained at 
1 -min intervals. 
each minute of the observation a r e  obtained f rom the pressure-height  curve 
which is  computed f rom simultaneous radiosonde data. A vert ical  profile 
plot of wind speed and direction (o r  of separa te  wind component values) is 
then made and wind values interpolated for  standard p res su re  (or  height) 
levels,  as  well as for additional selected levels wherever cer ta in  wind 
change cr i te r ia  a r e  satisfied.  
2-min overlapping 4-min average changes in  the horizontal  position C O -  
ordinates (with some very slight additional smoothing). 
ea r l i e r  in Section 11. E of this report ,  this 4-min time scale  near  30 k m  
probably represents  a ver t ical  distance of approximately 1600 m. 
t ime scale of R / W  data is contant, and the corresponding ver t ical  scale  is 
relatively so. 
With GMD- 1 observations,  the heights corresponding to 
R / W  wind values above 14 km thus represent  
As mentioned 
Thus, the 
On the other hand, the cu r ren t  processing technique for M/R wind data 
is based upon three different t ime-averaging periods: a 0. 5-min interval  to 
T t 5  min, a 1. 0-min interval  f rom T t 5  to T t 20 min, and a 2. 0-min in t e r -  
val  f rom T t 20  min to the end of the observation. 
f rom the tracking r ada r  may either be processed  entirely by digital computer 
or  may be automatically plotted into X - Y  and Z-R graphs and the winds 
measured f rom the graphical plot with a n  appropriate  wind scale .  
The basic position data 
The cur ren t  M / R  wind t ime sca les  a t tempt  to compensate for  the de-  
creasing descent r a t e  in o rde r  to provide a "quasi-constant" height scale  f o r  
the data. 
successful for chaff observation, but fails r a the r  badly for parachute m e a -  
surements above 35 km. The ver t ica l  resolution of M / R  wind data between 
30-60 km can  vary  f rom about 600 to 3900 m ,  as compared to a relatively 
conrtant 1600 m for R / W  data. 
tween R / W  and M/R wind data, together with the grea t  variability of the M / R  
scale ,  i s  se r ious  but could be easi ly  improved by increasing the frequency of 
Ae will be shown in  the next section, this attempt is  somewhat 
This difference in  ver t ica l  resolution be-  
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reduced and reported values,  as the basic  radar  measurements  are recorded 
with far g rea t e r  ver t ical  resolution than is presently utilized. It is r emarka -  
ble that this r ada r  information is not used and apparently not even kept in 
original data records.  
As no publication has appeared which gives the exact procedure used in  
reducing M/R wind data, proper evaluation of the data accuracy and r e p r e -  
sentivity is not possible. 
It is doubtful i f  the important intrinsic differences in M/R and R / W  wind 
data can  ever  be entirely reconciled, a t  least so far as providing homogeneous 
wind data for  relatively fine-scale applications. 
sent t ime M / R  and R / W  wind data are probably sufficiently compatible for 
combined use  in broad-scale  climatological studies,  e .  g. , seasonal  wind 
s ta t is t ics  and appropriately smoothed time c r o s s  -sections. 
However, even at the p r e -  
2. Temperature  
The basic  differences in R / W  and M/R temperature  measurements  may 
be viewed as relatively minor compared to those associated with wind mea-  
surements .  
R/W and M/R tempera ture  observations.  
differences which a r i s e  i n  connection with d iss imi la r  exposure conditions 
and ver t ica l  ra te  of movement. 
The sensor  and te lemetry units a r e  essentially the same for 
Nevertheless,  there  a r e  some 
There  a r e  a variety of published opinions regarding the basic  compati-  
bility of R/W and M/R tempera ture  measurements ,  
Instruments ,  1961) is somewhat c r i t i ca l  of the type of qualitative comparison 
which is usually made between overlapping o r  short-gapped data samples .  
This r epor t  states:  "Many investigations have attempted to  justify the 
accuracy of the temperature  profiles they obtained by the excellence with 
which their  data 'tied into' the radiosonde data.  
does not demonstrate  that the higher altitude data is accurate .  
One report  (Wright 
This agreement ,  however, 
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Another repor t  by the USAF 4th Weather Group (1962), which provides 
meteorological support at Cape Canaveral ,  views the mat te r  of temperature  
compatibility somewhat pragmatically: "No hard  and fast  rules  a r e  es tab - 
l ished for setting the maximum allowable difference between the rocketsonde 
and rawinsonde tempera tures  - -However, since we a r e  providing both rawin- 
sonde data and rocketsonde data for support  purposes,  we can' t  to lerate  wide 
differences in the data.  
rawinsonde data a r e  assumed to be c o r r e c t  and the rocketsonde data must  be 
adjusted to within reasonable l imits.  
Quinlan, Crutcher  and Smith (1963) reviews this  assumption, and s ta tes  
that: "this assumption may not be valid when the t ime and space differences 
between the two a r e  considered. 
Until definite proof is provided to the contrary,  the 
However, a m o r e  recent  paper by 
These authors  have made the most  extensive s ta t is t ical  study of R/W - 
M / R  temperature  differences, based upon 27 pa i r s  of observations taken 
between 80-100, 000 ft at Cape Canaveral  f rom May 1960 to Februa ry  1963. 
Their  conclusions were  that: "In the 80, 000 to 100, 000 f t  region the rocket-  
sondes yield slightly warmer  tempera ture  than those of the radiosonde with 
significant differences a t  the 95, 000 and 100, 000 ft levels ,  I t  The level  of 
significance, in this ca se ,  was the 95 percent  probability level. 
was made in that study to determine the extent of instrumental  and observa-  
tional e r r o r e  or to eliminate their  effects. 
No effort 
Finger,  et  al. (1963) have compared a sample of overlapping rocket-  
8onde and rawinronde tempera tures  a t  F o r t  Churchill  during November 1960. 
They conclude the following: 
riderable difference, throughout the a r e a  of overlap,  between repor ted  
rawinronde tempera tures  and those measured  during the single rocketsonde 
obrervation. 
"At the beginning of the period there  is con- 
During the middle of the period, however, the compatibility 
appear6 to be good with differences of 5°C o r  leer - - the  deviation8 again in- 
c r e a i e  a8 rawin8onde temperatures  remain  relatively cold. .  . . I '  
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Miers  and Beyers (1963) co r rec t  the M/R temperature  data at  severa l  
stations in accordance with a differential equation developed by Wagner ( 1963) 
which considers  the effects of forced convection, radiation, self -heating 
(a resu l t  of the measuring cur ren t ) ,  viscous dissipation and conduction along 
the lead wires  of the thermis tor .  
Thus, there  a r e  a variety of opinions related to M/R and R/W t empera-  
ture  differences and careful  instrumental  studies a r e  obviously required to 
explain them. Meanwhile, some reasonable caution must  be experienced in  
the use  of present-day uncorrected M/R temperature measurements .  
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111. COMPATIBILITY O F  ROCKET AND RAWIN WINDS 
I 42 
A. Previous Studies 
A number of preliminary studies of compability between meteorological 
rocket (M/R) and rawinsonde ( R / W )  wind data have been made and the resu l t s  
and opinions, when considered together, provide an overall  view. 
On the scale  of climatological in te res t ,  Diamond and Lee (1963) have 
recently compared R / W  wind s ta t i s t ics  a t  E l  Paso  with M/R wind s ta t i s t ics  
at  nearby White Sands (40 miles to the north). Their  study revealed that the 
mean annual sca la r  wind speed a t  30 km,  as measured  with M/R,  differs by 
only 1 to 2 m / s e c  f rom the comparable speed a t  29 km, a s  derived f rom R/W 
data. However, their  comparison of m o r e  extreme wind speeds a t  the 1 p e r -  
cent calculated r i sk  level indicated a large difference of about 10-15 m / r e c  
in the M/R and R/W data near 30 km. Diamond and Lee attr ibuted this la rge  
difference to  "the bias  of the rawinsonde sys tem toward lower wind speeds a t  
higher altituder rince high winds a t  these alt i tudes blow the balloon out of 
ground station range and conrequently, the winds cannot be measured". 
Kantor (1962) ha8 prerented a s e r i e s  of climatological wind profiles 
bared upon M/R and radioronde (R/S)  data taken during 1959-1960 a t  F o r t  
Churchill, Wallop8 Ir lsnd,  Tonopah, Point Mugu, White Sands and Cape 
Canaveral. Hir overal l  conclurions were: "At 25-30 km, the two mean wind 
profiles derived from rocket and rawinsonde data,  respectively,  a r e  vefy  
nearly coincident. 
accuracy of the rawinronde a t  there  level8 and rhould be rearonably urefu l  a t  
higher alt i tuder,  eapecially a r  the number and quality of rocket obrervationa 
grow." It rhould be pointed out, however, that  a close inrpection of the 
mean wind profilea r e fe r r ed  to above doer not alwayr revea l  quite the degree 
of coincidence implied by the above quotation, 
prof i les  of the eas t -wer t  component a t  Point Mugu and White Sands rhow about 
20-25 knot difference near  30 k m  between the M / R  and R / W  profile regmentr.  
Hence, the rocket measurements  ehould approach the 
In par t icular ,  the winter 
Smith and Vaughan (1961) have made a comparative study of overlapping 
M/R and R / W  wind data at Cape Canaveral  during the period, Apri l  1959 to 
May 1960. "Comparison of overlapping por - 
tions of rawinsonde wind measurements  show there  exists an  uncertainty in  
the rocketsonde wind speed of approximately 8 mps,  o r  10 percent of the 
computed wind speed, whichever is  grea te r .  
purposes averages  should be reasonably accurate even though individual data 
points a r e  questionable. 
They concluded the following: 
Thus, for  climatological 
Keegan (1961) has  studied a 2-month sample of M / R  and R / W  data used 
to prepare  a t ime cross-sect ion of winds over Wallops Island for  January- 
February  1960. 
and balloon winds at levels where there was an overlap,  I t  
He concluded that "agreement was excellent between rocket 
Jenkins ( 1962) has  presented two il lustrative comparisons of component 
In wind profiles derived f rom R/W and Arcas  15-ft parachute observations. 
the first (White Sands, 5 June 1959) the wind data overlapped f rom 
30-107,000 f t ;  there  was generally fair agreement throughout, including a 
sharply defined zone of wind maxima near  45, 000 f t .  
respective altitude of significant profile excursions were attr ibuted by 
Jenkins to e r r o r s  in the height computations, o r  to space t ime considerations 
It is a l so  interesting to note that the profile for  the parachute winds appears  
to be vertically displaced, in general ,  below that of the R / W  winds; this 
would possibly suggest the combined effect of oppositely directed lag f ac to r s  
in the two observing systems.  
The differences in the 
The other i l lustrative example presented by Jenkins involved observa-  
tions taken at White Sands on 18 May 1961, where the data overlapped be-  
tween 66-100,000 f t .  A close inspection of the component wind profiles in  
this ca se  revea ls  consistently c lose agreement to within a few knots. 
Jenkins r e m a r k s  that "the comparisons are  particularly encouraging in  the 
magnitude of speeds indicated and the close correlat ion in  the altitudes of 
shea r  l aye r s .  I t  
43 
Finger,  e t  al. (1963) present  an  interesting comparison of nearly s imul-  
taneous R / W  and rocketsonde wind observations taken a t  White Sands and 
nearby Holloman Air Fo rce  Base on 16 May 1961. The White Sands R / W  
winds overlap the White Sands 15-ft parachute winds f rom 13-35 km and 
overlap the Holloman Robin sphere winds f rom 28-35 km. 
cant disparity occurs  in  the zonal wind components between 28-35 k m  where 
the Robin and parachute winds (which themselves agree  to within about 
3 m / s e c )  differ f rom the R / W  winds by about 10 m / s e c .  
The most signifi- 
The resu l t s  of the studies which have been reported to date in the l i t e ra -  
ture  must properly be regarded as preliminary.  
B. Vertical  Resolution of Reported Winds 
1. Vertical  Resolution of M / R  Winds f rom 25-35 k m  
As all winds a r e  measured  as the difference in  position of a sensor  which 
not only t ravels  horizontally, but a l so  vertically (either falling as the M/R 
o r  r i s i n g  as a R/W), i t  i s  important t o  know the thickness of the atmospheric  
layer  through which the instrument passes  between consecutive measurements .  
This "vertical resolution" or  "vertical  averaging interval", (AH) ,  of a sys  - 
t em usually differs with height, ( Z ) ,  depending upon the flight cha rac t e r i s  - 
t ics of the sensor ,  and upon data processing, and thus certainly differs be-  
tween M/R and R/W. The ver t ica l  sampling should be known in  order  to 
interpret  any single wind measurement  properly,  and must  be known fo r  
studies of the ver t ical  shear  of the horizontal  wind. 
The altitude intervals between M/R wind measurements  correspond to 
0. 5 - ,  1. 0 - ,  o r  2. 0-minute t ime intervals  which a r e  the cu r ren t  s tandards 
for  processing of M / R  wind data. 
components a r e  computed f rom the x-axis  and y-axis  displacements of the 
sensor  during one of these selected t ime intervals.  
o r  2. 0-minute t ime interval corresponds to the elapsed t ime f r o m  the 
The published values of W - E  and S - N  wind 
The choice of 0. 5 - ,  1. 0- 
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beginning of the observation: < ( T  t 5), ( T  -t 5) to (T  t 20), and > ( T  t 20) 
minutes, respectively. These changes i n  time interval typically produce 
one o r  two abrupt changes in ver t ical  resolution in  every M/R wind sounding. 
In o rde r  to obtain some preliminary estimate regarding the ver t ical  
resolution of M/R winds, and io compare i t  with that for R/W, the wind data 
for  all stations contained in the IRIG-MWG Data Report  for  August 1963 were 
examined. 
M / R  and R/W wind data. 
Data f rom 25-35 k m  were chosen i n  o rde r  to  have overlapping 
Cumulative frequency distributions of AH values were  prepared  using a 
The data in c l a s s  interval  of 100 m for  chaff, parachute and Robin sphere.  
each category were fur ther  subdivided on the bas i s  of t ime intervals  (0.  5, 
1 and 2 min). 
a total of 269 data points were  available from 41 chaff observations;  286 data 
points f rom 31 parachute observations; and 22 data points f rom only 3 Robin 
sphere soundings. 
F o r  the month of August 1963 in  the 25-35 k m  altitude range, 
The analysis of ver t ical  resolution i n  the parachute wind sample is p re -  
sented in Fig. 1. 
shown separately for  the 1-min, 2-min and  total parachute samples .  F o r  
the 1-min winds, the 10, 50 and 90 percent cumulative frequency values a r e  
720, 960 and 1320 m ,  respectively; corresponding values for the 2-min wind 
distribution a r e  930, 1090 and 1340 m. The differences in the 1 -  and 2-min 
distributions a r e  grea tes t  at lowest levels but a r e  not as pronounced a s  
might have been expected; apparently the two effects of doubled t ime scale  
and sharply decreasing fall speed balance each other to a large extent over 
this range of altitude. 
H e r e  the distributions of cumulative percent frequency a r e  
The cumulative frequency distribution of ver t ica l  resolution for  the chaff 
wind sample is shown in F ig ,  2. 
between the 1-  and 2-min distributions. F o r  the 1-min winds, the 10, 50 
and 90 percent  cumulative frequency values ofAH a r e  720, 950 and 1120 my  
respectively; for the 2-min winds the comparable values a r e  1210, 1470 and 
1830 m. Thus, the differences between the 1- and 2-min distributions for  
There  is obviously a very la rge  spread  
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chaff winds a r e  seve ra l  t imes l a rge r  than those which were  noted in  the case  
of the parachute winds, e .  g . ,  a t  the 50 percent level of cumulative frequency, 
the difference in chaff distribution is 520 m ,  as  compared to a corresponding 
value of 130 m between the 1 - and 2-min parachute distributions. 
pronounced difference i n  A H  for 1 - and 2-min chaff winds can be largely 
explained by the relatively slow decrease  in the fall ra te  of chaff within the 
25-35 km altitude range; thus, the 2-min A H  tends to  be almost  twice the 
s ize  of the 1-min AH, and a r e  only slightly reduced i n  s ize  by the effect  of 
the decreasing fall ra te .  
This very  
Figure 3 summar izes  Fig.  1 and 2. The cumulative frequency dis t r ibu-  
tions a r e  presented for each entire sample of parachute, chaff and sphere 
data, a s  well as all the data combined. 
The A H  for chaff data is about 300 m grea te r  than that for the parachute 
The distribution curve for all the M/R data i n  the 25-35 km altitude range. 
data combined indicates 10, 50 and 90 percent cumulative frequency values 
of 750, 1070 and 1610 m. 
extend over a considerably smal le r  range: about 1300 to 1600 m .  
tainly, these resu l t s  a r e  highly preliminary as only data for a single month 
wae examined. They do suggest, however, that significant resolution 
differences a r e  present  a e  functions of altitude and also between parachute 
and chaff data. In addition, the overal l  variability of ver t ical  resolution of 
M/R winds appears  to exceed considerably that for R / W  wind observations.  
Corresponding estimated values for  R/W data 
Most c e r -  
2. The Change of Vert ical  Resolution with Altitude for M / R  Winds 
f rom 20-60 k m  
The above resu l t s  suggested the desirabil i ty of comparing the ver t ica l  
resolution with altitude for the ent i re  altitude range between 20-60 km.  
t r ia l ,  the M / R  parachute and chaff data published by IRIG-MWG fo r  August 
1963 were used again, separately.  
As a 
t". 
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A class interval of 100 m was again used in determining the frequency 
distribution of AH for  each 5 km of altitude, e .  g . ,  20-25, 25-30 km, etc .  
Cumulative frequency distributions were  computed for each 5 km;  these d i s -  
tributions were  then individually plotted. 
category were then interpolated a t  selected values of cumulative frequency, 
(i.e.,  5, 10, 2 0 . .  . 90, 95 percent).  These interpolated values of A H  (taken 
to represent  the midpoint in each altitude zone) were used to prepare  Fig.  4, 
which contains the resu l t s  f rom the chaff data, 
graphs depict selected values of cumulative frequency a s  a function of alti- 
tude and vertical  resolution. 
Values of AH for  each altitude 
The se t s  of curves  on these 
The outer boundaries of the curves shown in Fig.  4 resemble the outline 
of a distorted hourglass.  
compressed between 3 7 . 5 - 4 7 . 5  km; this general  feature  can be readily 
explained by the fact  that the ver t ical  resolution of wind data in this par t icu-  
lar altitude zone is almost  entirely associated with a 1-min t ime interval.  
The rather uniform slope to all the frequency curves in this middle altitude 
zone reflects the consistent effect of a steady decrease  in the fall ra te  of the 
chaff sensor,  
uniform spread of about 600 m between the 5 and 95 percent cumulative f r e -  
quency curves,  
in fall ra tes ,  and some of the variation may a l so  be attr ibuted to occasional 
0. 5 -  and 2-min intervals ,  an e r r o r  component is undoubtedly present  a lso.  
In the vicinities of 55 and 30  km,  the 5 and 95 percent boundary curves  
The 5-95  percent range of AH is ra ther  uniformly 
Within this 37. 5 -47 .  5 km altitude interval there  is a ra ther  
Although much of this spread  resu l t s  f rom natural  variability 
on Fig .  4 clearly diverge in the cumulative frequency distribution of AH. 
These two "bulges" can probably be attr ibuted to the blending of t ime sca les  
which naturally occurs  in the vicinity of these two altitudes: near  55 k m  a 
combination of 0. 5 -  and 1 -min time intervals ,  and near 30 km a mixture  of 
1-  and 2-min intervals,  As a resu l t  of this mixed t ime-sca le  effect ,  there  
is a spread of about 1200 m between the 5 and 95 percent cumulative frequency 
curves i n  the vicinity of both 55 and 30 km;  this spread  is approximately 
twice as large as that for the 3 7 - 4 7  km altitude interval.  This is sure ly  a 
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Fig. 4 .  Cumulative Frequency of Vertical Resolution of M / R  Chaff Winds, 
20-60 km, August 1963, for 5 km altitude c lasses  
typical of the general  pattern. 
A completely s imi la r  analysis of the parachute data was made and 
showed much la rger  values of AH and much sharper  changes with height than 
in Fig.  4. Because of this, the original Fig. 5 was revised as follows: The 
individual values of AH were plotted direct ly  against the corresponding alti- 
tudes. 
tudes of the two consecutive observations,  but was the altitude of the higher 
observation. The e r r o r  of this is largely eliminated by computing cumula- 
tive frequencies of the 4H values for 2 k m  layers ,  and plotting the value in 
the center of the AH-Z joint class interval. 
frequencies were then drawn. 
For  convenience, the altitude used was not the average of the a l t i -  
Isolines of these cumulative 
The result ing pat tern yields grea te r  detail  
I especially near the levels of sudden change in AH f rom 40-5Okm. 
I 
Figure 5 clear ly  exhibits that there  is a very  pronounced decrease  with 
altitude in the ver t ical  resolution: for the 50  percent cumulative frequency 
(median) curve,  there  is an over three-fold increase  in AH f rom 8 7 0  m near 
27. 5 k m  to 3020 m near  57. 5 km. 
derived from the chaff wind data, where there  was relatively slight increase  
with altitude i n  the value of AH. 
This resul t  sharply contrasts  with that 
Another significant aspect  shown in Fig,  5 is the la rge  variation which 
occurs  i n  the relative separation of the 5 and 95 percent  cumulative f re-  
quency curves,  
be noted near 35 km;  and s imilar ly ,  a maximum 8pread of about 2400 m ir  
apparent near 50 km. 
in Fig. 5 i 8  ra ther  different f rom that shown ea r l i e r  in  F ig .  4. 
inlrtance, there  were  two bulger in the pat tern near  55 and 30 k m  which could 
be both directly attributed to a mixed t ime-rca le  effect  in  the procesrring of 
chaff observational data. However, i n  the case  of the parachute winds con- 
s idered here,  there  is only one very la rge  bulge in the pat tern near  50 km, 
which extends f rom about 1600 to 3900 m between the boundary curves  of 
A minimum spread  of about 600 m between these curves  may 
The overal l  pat tern of the frequency curve8 presented 
In the latter 
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10 and 95 percent cumulative frequencies.  
ble to the mixed t ime -scale effect  of 0 . 5  - and 1 -min average winds near 
50 km,  the altitude most closely associated with the ( T  t 5)  minute change- 
over in time scale  in  the cur ren t  data processing method. The bulge near  
25-30 km associated with the (T  -t 20) minute change-over in t ime scale  is  
very slight. 
the increased density a t  lower levels than is that of chaff, o r  expressed 
slightly differently, the variation of fall ra te  with height may be much l a rge r  
for chaff than for  parachute at levels below 35 km. However, a more  likely 
reason is the increased dispers ion of the chaff target  as it descends to these 
levels while the parachute remains a constantly well defined target  for  the 
radar .  
the large variations in the fall r a t e  of parachute sensors .  
ment is  an inherent problem in parachute sys tems which frequently causes  
abnormally high fall r a t e s  at  higher levels.  
This very large range i s  a t t r ibuta-  
Possibly,  a parachute 's  fall ra te  is more  uniformly re ta rded  by 
The large range i n  AH for parachutes above 40 k m  may be caused by 
Incomplete deploy- 
This prel iminary study of one month's data, as i l lustrated in Fig.  4 and 
5 ,  suggests that there a r e  very significant differences with altitude in the 
ver t ical  resolution of both chaff and parachute wind data between 20-60 km.  
These differences a r e  apparently most  pronounced in  the vicinity of 45-50 k m  
for parachute eysteme, but should be properly considered at all levels when 
ueing the upper wind data contained in the IRIG-MWG Data Reports .  Var ia -  
tions of resolution with season and station should be determined f rom a c o m -  
plete etudy of all M/R wind data. 
3. The Change of Time-Averaging Interval a8 a Function of 
Altitude for M / R  W '  inde 
The above result8 ehow there  is rignificant variation i n  ver t ical  r e ro lu -  
tion of M/R winds, and coneiderably m o r e  variation than for R / W  data. 
may be caured by the pract ice  of changing the t ime-averaging intervale a8 a 
function of t ime af te r  initial descent,  a t  least  to the extent that this  pract ice  
ie  not compensated by deneity changee, 
Thio 
At (T -I 5 )  and a t  (T t 20) minutee i n  
54 
each M / R  observation, the t ime scale is abruptly increased  by a factor of 2. 
Corresponding to each of these t imes may be a character is t ic  altitude range 
which depends upon the ejection altitude and fall ra te  of the wind sensor .  In 
view of the differences in the fall r a t e s  of chaff and parachute sys tems,  such 
altitude ranges fo r  these two sys tems a r e  expected to be different, especially 
at ( T  t 20) minutes. 
tributed, Fig. 6 and 7 were compiled, again using August 1963 data.  
To  gain an  impression of how these alt i tudes a r e  d is -  
Because of the smal l  sample s izes ,  the altitude data were  not grouped 
into c l a s s  intervals but were used individually to derive the distributions of 
cumulative frequency. 
Figure 6 presents  the cumulative frequency distributions of sensor  alti- 
tude at (T  t 5 )  minutes for chaff and parachute systems.  There is a fairly 
systematic altitude difference of about 1. 5-4. 5 km separating the two d i s -  
tribution curves.  
scale  f rom 0. 5 - 1. 0 min is apparently made a t  a consistently higher altitude 
(at  least  for  this limited sample).  
In the c a s e  of chaff observations, the change-over in t ime 
Figure  6 shows a major  discontinuity in the altitude distribution curve 
A r e -  for chaff between 50 and 60 percent  values of cumulative frequency. 
examination of the original data reveals  that there  is a marked altitude bias  
i n  chaff observations which seems  to vary a s  a function of the MRN stations 
involved. 
which cluster  between the altitudes of 4 9 . 7 - 5 1 . 7  km a r e  f rom Point Mugu, 
Kauai and Wallops Island, whereas the 15 observations whose ( T  t 5)  minute 
alt i tudes all exceed 5 5 . 4  km a r e  either from Cape Canaveral  o r  White Sands. 
In this ca se ,  out of a total of 35 observations, the 16 observations 
Figure 7 is the same as Fig. 6 for ( T  t 20) minutes. Here,  the degree 
of separat ion between the chaff and parachute distribution curves  is even 
more  pronounced than it wae at (T  t 5)  minutes: about 5 .0 -7 .  5 km. 
the change-over in  t ime scale  f r o m  1. 0 to 2.  0 min is made at a consistently 
higher alt i tude in the case  of chaff observations. 
r ep resen t s  the very middle of the M/R-R/W wind data overlap zone, during 
Thus, 
In fact ,  a t  30 km,  which 
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August 1963 all 30 k m  chaff winds were  averaged over a 2-min t ime interval  
and all 30 km parachute winds were  averaged over a 1-min t ime interval.  
This may help explain the large difference in AH in  Fig.  5 and 6 a t  30 km. 
-
-
Also to  be noted on Fig.  7 i s  the discontinuity which again occurs  in the 
altitude distribution curve for  chaff. This feature  is re lated to the discon- 
tinuity in the chaff curve previously noted in  Fig.  6, and the same explana- 
tion applies, i. e . ,  there  a r e  two very distinct component distributions 
associated with the same two groups of stations.  
In order to provide some prel iminary confirmation of these resu l t s ,  the 
( T  t 20) minute altitude distributions were  a l so  determined for  the month of 
Apri l  1963. These distributions, presented in Fig.  8, a r e  in agreement  with 
those i n  Fig. 7. 
tributions a t  (T  t 20) is slightly grea te r  during Apri l  1963. 
The disparity between the chaff and parachute altitude d i s -  
It is obvious, f rom these resu l t s ,  that a thorough evaluation should be 
made of all M/R wind data to determine the net effect of these differences in 
chaff and  parachute observations.  
scope of this study. 
believed to be sufficiently representative to i l lustrate  the possible extent to 
which chaff and parachute data may differ f rom each other and f rom R/W 
data. 
Such a comprehensive task is beyond the 
However, the resu l t s  of this prel iminary study a r e  
C. Statist ical  Comparison of Rocket and Rawin Winds 
1. Introduction 
The IRIG Se r i a l  Publication of rocket  winds also includes data f rom a 
nearby R/W,  re leased  within 6 hours  of the rocket  ascent ,  to enable the 
rocket wind profile to be extended f rom lowest rocket levels to the ground. 
Frequently such rocket and rawin data overlap in the region f rom 20-35 km. 
It is the purpose he re  to compare the agreement  of the wind components for 
days with seve ra l  overlapping data levels ,  
m 
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Although the relative accuracy of various wind sensors  have been 
studied, (Bruch and Morgan, 1961) and rocket wind sensors  graphically com-  
pared (Jenkins, 1962), (F inger ,  et  a l . ,  1963), no s ta t is t ical  comparisons of 
M/R and R / W  wind data, based on a large sample,  appear to have been 
made. In view of the deficiencies and variability of both methods of wind 
observation, neither can  be taken as a n  absolute standard. However, as 
R/W data a r e  so commonly used,  it is interesting to know how muchM/R 
data differs f rom rawin data as functions of altitude, sensor ,  t ime difference 
between M/R and R/W data, and by latitude. 
2. Data Processing 
The M/R wind data f rom "Data Reports ,  Meteorological Rocket Network", 
prepared by the Inter -Range Instrumentation Group, a r e  for the following 
stations: 
Fo r t  Churchill,  Canada (58"  47' Nj 94' 17' W )  
Fo r t  Greely,  Alaska (64"  00' N, 145" 44 '  W )  
Point Barrow,  Alaska (71" 21' N, 156" 59' W )  
Cape Kennedy, Flor ida (28"  14' N, 80' 36'  W )  
Eglin AFB, Florida (30 '  23' N, 86' 42' W )  
Point Mugu, California (34"  07' Nj 119" 07' W )  
White Sands Misr i le  Range, New Mexico (32" 23' N, 106" 29' W) 
Wallop8 Island, Virginia (37 '  50 '  N, 75' 29'  W )  
The data a r e  publirhed both as tabler and graphs.  The tabler  give M/R 
wind componentr a r  a function of t ime since dercent  began, at half-minute 
intervalr ,  and R / W  wind components at fixed height8 above r e a  level at 
intervalr  of 3040 m up to 25 k m  and of 1520 m above 25 km. 
p re r sn t  vertical  profiler of the tabulated data for both M / R  and R / W  data but 
terminate the R/W curve at a var iable ,  a rb i t r a ry  level above which only the 
M/R curve i r  shown. 
graph. 
Graphr  a l r o  
Thur, the overlapping levels a r e  not ohown on the 
60 
b . 
The altitude range of 21-36 k m  was chosen a s  an appropriate interval  
The ten where overlapping rocketsonde and R/W data a r e  most  abundant. 
levels in  Table 8a a r e  those fixed heights for which rawin data a r e  reported 
and which were used in this study. 
lapping levels were  used. 
the M/R graph was extended downward as necessary and values read  f rom 
the graph at the rawin reporting levels. 
January 1961 to October 1963. 
and meridional wind components measured by rocketsondes and R/W was 
obtained. 
All ascents with four o r  m o r e  over -  
In order  to obtain M/R data for these same levels,  
The data covers  a period f rom 
A total of 2381 corresponding se t s  of zonal 
The data were  subdivided into two latitude groups: the a rc t i c  group con- 
tains Churchill,  F o r t  Greely and Point Barrow, and the subtropical group 
contains all other stations. 
the bas i s  of wind senso r s  (chaff, parachute and Robin sphere).  
and parachute subgroups were fur ther  partitioned into two categories  accord-  
ing to  t ime difference of observations made by rocketsonde and R / W  
( A t  6 0, 2 h r  and At  2 3 hr) .  
was thus obtained for  computation. 
servations,  some were  combined with the following levels as shown in 
Table 8ain o rde r  to  obtain a more  representative sample for each category. 
The subtropical group was further subdivided on 
The chaff 
A total  of nine categories ,  as shown in Table 8b, 
As some levels had relatively few ob- 
The basic  pa rame te r s  used in the computation a r e  zonal and meridional 
wind differences which a r e  defined as 
where u and u 
and R/W, respectively,  and vR and vw a re  the corresponding meridional 
wind components, The means , standard deviations, var iances  and frequency 
distributions for the zonal and meridional wind differences were  computed, 
and a l so  the mean absolute wind speed, uR. 
the nea res t  integer.  
are the zonal wind components observed by the rocketsonde R W 
All values were  rounded off to 
i Table 8a. Levels a t  which Rocket and Rawin Data were  Compared 
i Table 8b. Categories for which Rockeband Rawin Data were  Compared 
Height (km)  
36'58 } 35.82 35. 06 
33. 52 
32. 00 
30. 48 
28. 96 
27'44 } 26.67 25. 90 
24*38 } 22.86 21.34 
Time Number of 
Sensor Difference Latitude Observations 
Category Type (hours )  (ON) AU, AV 
chaff 
chaff 
parachute 
par a chu te 
Robin sphere 
par  a c hu te  
chaff & parachute 
chaff 
par  a chu te  
0-2 
3 o r  m o r e  
0-2 
3 o r  m o r e  
0 o r  m o r e  
0 o r  m o r e  
0 o r  m o r e  
0 o r  m o r e  
0 o r  m o r e  
30 
30 
30 
30 
30 
60 
30 
30  
30 
518 
45 6 
577 
649 
80 
101 
2200 
974 
1226 
62 
3. Results 
The frequency distributions of the rocket-rawin wind differences for 
both components, A U  and Av, and their means and s tandard deviations a r e  
l isted in Tables 9 to 20 for the var icus  categories of Table 8b. 
The wind differences,  for both hu and Dv a r e  as likely to be one sign as 
another,  a s  shown in  the frequency distributions of Tables  9 and 10. 
sequently, the mean Au and h v  a r e  generally near  ze ro  (Table 20). 
interesting to note that the frequency distribution of the differences i s  uni-  
modal a t  the lower levels but bimodal a t  the upper levels.  
that the differences of the rocketsonde and R/W measurements  become 
l a rge r  with increasing height up to about 32 km and then decrease  slightly a t  
higher levels.  A few large differences (greater  than 15 m / s e c )  occur in the 
vicinity of 32 km. 
- i - 5  m / s e c .  
average value near 5 m / s e c  for both h u  and bv.  
both have their  maxima between 30 and 34 km. 
Con- 
It i s  
This indicates 
However, 80 percent of the differences are  within 
The standard deviations i n  Tables 18, 19 and 20 a lso  show an 
The s tandard deviations of 
There appears  to be relatively little difference in the s ta t is t ics  for chaff 
and parachute wind "e r ro r s "  (Tables 18 and 19). 
s eems  to  be slightly more  compatible with R/W than either chaff or  pa ra -  
chute a r e .  
meridional wind components observed by rocketsondes for a l l  three types of 
wind senso r s  a r e  generally close to  each other except that  some individually 
large deviations exist  in the 28-34  km layer. 
s tandard deviation with height to  about 34 k m  in all tables may be partly due 
to the increasing mean wind speed with height (Table 17). The decrease of 
var iance above 34 k m  may correspond to the fewer observations a t  highest 
levels.  Finger ,  et  al. (1963)  a lso  found large differences between the zonal 
components in the layer  f r o m  25-35  k m  a s  measured by rocketsondes and 
R/W. 
The sphere (Table 15) 
The values of the standard deviation of the differences of the 
The general  increase in 
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-14-5 -9.4 Et (-1 
35-82 1 
33-52 
3-00 1 
2 
1 
30.48 
28.96 
26.67 
22.06 
35-& 
330% 
32.00 
9-48 
28.96 
26.67 
22.86 
-0.5 -0.4 +0.5 +4.5 
-4.4 t0.4 +4.4 +9.4 
2 1 3 
1 1 6 1 
3 2 11 1 
9 2 6 1 
5 4 7 2 
3 1 1 
1 
1 
1 
1 
2 
3 
3 
9 
8 
7 
2 
1 
TABIS l2a FRWBICX X W l W Z E t O N S  OF b u  , Arctic Stations 
1 
1 
2 
35 9 8 2  
33-52 
32-00 
30.48 
28.96 
26.67 
22.86 
1 
1 
2 
2 
4 
8 
0 
1 
1 
2 
1 
1 
1 
8 
I2 
1 
4 
7 
13 
I2 
TABILS l2b FRWEI'iCY DIsTRIEw17ONS OF Av Arctic Stations 
35.e 
33.52 
32-00 
9-48 
28.96 
26.67 
22.06 
W I B S  13-16, 18-20: MEANS AND STANDARD IBVIATIONS OF Au and bv (m/s) 
A V  
S.D. 
3 
5 
5 
4 
4 
3 
2 
Au 
M 
-2 
0 
1 
0 
-0 
1 
-0 
b V  A U  Ht 
(W 
35.82 
33.52 
32.00 
30.48 
28.96 
26.67 
22.86 
N N 
22 
42 
69 
79 
80 
86 
78 
456 
- 
M S.D. 
5 
6 
5 
6 
5 
4 
4 
- 
- 
S.D. 
3 
4 
8 
6 
5 
4 
3 
M 
-1 
-1 
-1 
-0 
0 
0 
0 
M 
0 
-1 
-0 
1 
1 
0 
0 
S .De 
3 
5 
5 
5 
4 
3 
2 
-1 
-1 
-1 
-0 
-0 
-0 
0 
Parachute, 30. N 
I A t 1  ~2.4 hre. 
A u  A V  A V  
M 
O U  
M 
0 
1 
1 
1 
-0 
-1 
-1 
N 
20 
50 
90 
110 
I20 
132 
2 7  
649 
-
- 
8.D.  
4 
5 
5 
5 
4 
3 
2 
- 
-
M 
- 
8 .D .  
5 
7 
7 
6 
5 
3 
2 
- M S.D. 
4 
6 
5 
5 
4 
2 
3 
- 
~~ 
35.e 
33 52 
3.00 
30.48 
28.96 
26.67 
22.86 
~~ 
-0 
-0 
-0 
-0 
0 
-0 
-0 
5 
6 
5 
5 
4 
4 
3 
- 
-1 
-1 
-0 
1 
1 
0 
0 
0 
4 
-1 
1 
0 
0 
0 
66 
TABLE 15 Sphere, 30' N 
35.e 
33.52 
32.00 
30.48 
28.96 
26.67 
22.86 
Et. 
(lop) 
35.82 
33.52 
9.00 
30.48 
28.96 
26.67 
22.86 
M SD 
-6 
3 
2 
1 
-0 
0 
-0 
10 
6 
3 
4 
5 
3 
2 
I 
2 
6 
10 
19 
20 
18 
5 
80 
TABzg 16 , Arctic 
A t  L2.S hre. 
Au 
-15 
-3 
-0 
1 
0 
0 
-0 
19 
1 
3 
5 
8 
17 
33 
34 - 
101 
A v  
M 
-2 
-1 
-1 
-0 
-0 
0 
. -0 
SD 
A v  
35.@ 
33.52 
32.00 
30.48 
28.96 
26.67 
22.86 
TABU 17 - MEAN A B S O L ~  vams OF ZONAL 
AND MERIDIONAL COMPONENTS OF ROCKET WINDS (m/s) 
C€IAJ?F 
No. of Obs. 
68 
43 
80 
142 
172 
184 
379 
281 
1 5  
17 
16 
1 5  
13 
11 
9 
PARACrn 
~ ~~ ~ 
No. of Obs. 
57 
95 
169 
208 
232 
492 
398 
17 
17 
16 
14 
13 
12 
9 
m- 
5 
5 
5 
4 
3 
3 
3 
k - ,  
a 
k- 
d o  0 0 c : ? B  
0 0  0 0 *: 4 3  ? 
0 0 
a =I 
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One might expect that the longer the t ime difference between R/W and 
rocket  observations, the la rger  the wind difference. 
between the rocketsonde and R/W observations var ies  i n  a t ime interval of 
about t 6  hours.  
gories:0-2.4 h r  and 2. 5 h r  o r  more .  
s enso r s  were used to evaluate this effect. 
rounded off to the neares t  me te r  per  second, no significant difference can  be 
seen  for the means of Au or  Av. The chaff value of standard deviation f o r  
Au at 32 km appears  l a rge r  for on-time than off-t ime observations,  but a t  
higher levels i t  is l a rge r  for off-time Observations. 
on-time values of the s tandard deviations a r e  l a rge r  than for off-time. 
these larger  s tandard deviation values resu l t  f r o m  the few large absolute 
differences 0 1 5  m / s e c )  given in  Tables 9a and loa, for  which no special  
reason  is known. 
the on-time data. F r o m  this data, then, one must  conclude ra ther  suprisingly 
that time differences between R / W  and rocket observations (up to - t 6 hours )  
have no systematic bearing on the differences in the observations.  
The t ime difference 
In Tables 13 and 14, this period was divided into two ca te -  
Only data of chaff and parachute wind 
Recalling that all resu l t s  are all 
- 
F o r  parachute Av data,  
All 
A check of these extreme differences shows they a r e  all in  
A comparison of data measured by M/R and R / W  at stations in  the a rc t ic ,  
and a l so  in the subtropical region, can  be seen in Tables 16 and 19. 
wind sensors  used in  these measurement8 were  parachute,  
number of observations,  and that mainly f o r  the layer  23-30 km,  is available. 
There  appear8 to be relatively little difference in the two latitude bel ts  except 
that the bu variance8 a t  23-26 k m  in  the a rc t i c  a r e  l a rge r  than those in the 
subtropical region. 
All 
Only a small 
D. Comparison of M/R and R / W  Data on the Seasonal Wind Reversa l  
1. The Reversa l  P rocess  
The seasonal  la rge-sca le  wind reversa l  i s ,  in  general ,  mere ly  a ref lec-  
tion of the asymmetr ic  changes in the synoptic p r e s s u r e  pat terns  a t  these 
levels which, in  turn,  a r e  caused by the seasonal meridional r eve r sa l  of the 
thermal  gradient. At a given station, the spring r eve r sa l  p rocess  seems to 
occur as the winter polar vortex is displaced f rom t ime to t ime by a warm 
high p res su re  cel l  moving f rom mid-latitudes to polar latitudes. 
such intrusions a r e  temporary and the vortex re turns  to  its polar location; 
a t  other t imes  (the final r eve r sa l )  a complicated cellular pat tern develops 
which eventually leads to  a stable summer polar anticyclone. The prel imi-  
nary disruptions of the strong winter vortex occur seve ra l  t imes  during the 
cold season, resulting in observed temporary wind r eve r sa l s  and associated 
I '  sudden warming s I t .  
Usually 
The la rge-sca le  pattern shows that in  the spring, polar eas te r l ies  
generally move southward and merge  with the tropical ea s t e r l i e s  moving 
northward. 
north of 50"N is f r o m  the south or f rom the north in spring depends on the 
par t icular  longitude, latitude and yea r  a s  it is due to the i r r egu la r  develop- 
ment and migration of anticyclonic pressure  cel ls  during the cold season each 
year .  
depending upon the relative orientation of such cel ls  to  the station. 
duration of eas te r l ies  o r  wester l ies  at a single station, o r  the sequence of 
such winds along a meridian,  depends only on whether a small temporary 
anticyclone is moving north o r  south a t  that place or  along that meridian. 
fall, the process  is so rapid that even two weeks is not a sufficiently short  
averaging period to indicate the details  of how the r e v e r s a l  progreesea lati-  
tudinally. 
southward a f te r  September 1, it is possible the winds first become westerly 
at 60"N and slightly la ter  a thigher  latitudes, a t  the t ime of the sudden upward 
change in the east-west  wind boundary. 
However, whether the ear ly  progression of eas te r l ies  a t  latitudes 
Ei ther  eas te r l ies  o r  wes te r l ies  may be observed at a given station 
The 
In 
Although the polar wester l ies  and tropical ea s t e r l i e s  both progress  
r . 
2. Determination of Reversa l  Dates 
Before r eve r sa l  dates can be compared, with respect  either to latitude 
or  altitude, it  is necessary to ag ree  on some definition of "reversal".  
define i t  a s  the latest  t ime a t  a given station and altitude when the 10-day 
average wind changes f rom westerly to eas te r ly  (o r  conversely) and remains  
so for a t  least  one month. 
We 
Reversals may be determined f rom severa l  different forms  of data: 
Large-scale  circulation pat terns  over the hemisphere,  i. e . ,  
seasonal establishment of the polar vortex in fall or  ant i -  
cyclone in spring, as determined f rom maps.  
Time-speed graphs for each altitude a t  a given station. 
Time-height graphs for  a given station to find propert ies  of 
the zero  -wind surface.  
Speed-height graphs a r e  useful when there  is a definite 
strong change in the sign of the zonal component, but 
almost use less  when the winds a r e  light and variable over 
a deep layer  of the atmosphere.  
Each of these has  i t s  advantages. Maps a r e  probably the bes t  single 
reference as they alone can identify the causes  and extent of disturbances to 
the flow. 
sign, a s  during periods of light and variable zonal components. Time-height 
graphs most easily provide interpolation of the ze ro  wind surface with height. 
Purely statist ical  methods, ruch a s  frequency distributions,  a r e  more  
severely limited by scanty data than a r e  the other methods, as trend8 are 
not apparent . 
Time-speed graphs allow smoothing of i r regular i t ies  in speed o r  
When zonal windr a r e  weak and var iable  with height o r  t ime,  the rafert 
interpolationr a r e  probably made on height-t ime sectionr.  
in zonal componentr may represent  conditions of rtrong meridional flow (a6 
often exist in the Alaska-Canada border  region in  winter),  o r  of a t ransient  
anticyclone passing over the station f o r  a few days. 
a r e  temporary,  not seasonal,  r e v e r s a l s ,  The nature of the r e v e r s a l  p rocesr  
Frequent  changer 
Both of these rituatione 
72 
is e r r a t i c  and va r i e s  by weeks f rom place to  place at a given latitude, as 
well a s  with latitude, and f rom year  to year a t  a given place. The 1963 
spring r eve r sa l  is a good example of how the date can  vary  at the same 
latitude. 
overGreenland, on May 17 over Southern Alaska and about May 30 river 
Central  Siberia.  
stations must  take into account the likelihood that the resu l t s  are not typical 
for  ent i re  latitude bel ts  o r  other a rb i t ra ry  large regions. 
F r o m  30 mb maps,  it can  be seen that at  60"N, it s ta r ted  on May 4 
Hence, any measurements  of the r e v e r s a l  p rocess  a t  given 
Several  papers  have appeared in the las t  few yea r s  presenting conclu- 
sions on the nature of the seasonal reversa l  in the s t ra tosphere and meso-  
sphere.  
difference appears  to be between balloon evidence of upward propagation of 
the r e v e r s a l  p rocess  and rocket evidence of downward r e v e r s a l  in the fall. 
Table 21 summar izes  the results.  At first glance the principal 
However, it is not yet possible to generalize the r e v e r s a l  p rocess  for  
A careful comparison of the latitudes and alti- all latitudes and altitudes. 
tudes reveals  no d i rec t  contradiction in  the propagation processes  in this 
table. 
statement concerning the upward o r  downward progression of the fall r eve r  - 
sal a t  high latitudes above 30 km. 
fact that  the mean zonal speed increases  with increasing altitude, to  a maxi-  
mum near  60 km,  and a l so  increases  in t ime at each level, in  ear ly  winter, 
implying that the r eve r sa l  first occurred near  the level of maximum wind. 
Even i f  this later proves to be co r rec t ,  there need not be a conflict in the 
resu l t s  to date, as the direction of reversa l  propagation may vary from one 
major  layer  of the atmosphere to a w t h e r .  
ward f rom 15-30 km, downward f rom 64-30 km, and upward f rom 64 km. 
There  is no direct  t ime- se r i e s  evidence in  these papers  for any 
The closest  indication comes f rom the 
It is possible that it proceeds up- 
W e  tu rn  next to  examine the scanty direct  M/R data for the fall month8 
to see  how the r e v e r s a l  appears  in  the arct ic ,  antarct ic  and the 30-40' MRN 
latitude belt. 
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a. The Fall Reversal  in  the Arctic 
As the fir ings for the MRN a r e  apparently st i l l  scheduled for mid- 
seasonal months, based on the seasons of the conventional calendar,  there 
a r e  s t i l l  no data for the period August 15 to September 15, the actual time of 
fall transit ion at high latitudes. 
a r e  neares t  to this period. 
Churchill with F o r t  Greely,  a s  in 1960 the data at ei ther  station alone was 
too spa r se  to obtain any useful continuity. 
11 ascents  show that above 20 k m  the anticyclonic eas te r ly  circulation p re -  
dominates for almost all days. 
50 km. 
corresponds to  the vir tual  absence of stratospheric disturbances.  
is essentially barotropic in nature. 
However, Fig.  9 and 10 show the data that 
In Fig.  9 it was necessary  to supplement 
F r o m  July 18 to  August 17, these 
The maximum of a t  least  40 m / s e c  is above 
The existence of a weak ver t ica l  wind shear  between 20 and 40 k m  
This flow 
As the fall season begins, a rapid weakening of the eas te r ly  wind over 
the two stations occurred  at  50 km in  the early August due to seasonal 
atmospheric cooling. 
layer between 40-60 km where the zonal wind speed decreased  f rom 40-10 
m / s e c  from August 1 to  17. Yet there  is a suggestion that the zero  wind 
surface r i s e s  f rom 20-35 km on August 17th. Since no rocket data were 
collected a t  these two statione af ter  August 17, 1960, i t  is impossible to 
inveatigate in  further detail  the fall reversa l  of 1960 at  levels above 30 km. 
The grea tes t  measured wind changes occurred in a 
Figure 10 gives a time-height section of zonal wind a t  Fo r t  Greely i n  
September 1961. There  a r e  two distinct westerly wind regimes: the polar 
night vortex in  the upper s t ra tosphere with a maximum near 55 km and the 
polar tropopause maximum, Note that weak eas te r l iea  in the stratoaphere 
occurred  a t  30-35 km on September 8 and 9, 1961, but changed into werrterly 
completely af ter  September 9. 
Unfortunately, no rocket data was available before September 81 1961. 
This reprerrents a final stage of fall reverrral. 
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Fig.  9. Time-Height Section of Zonal Winds (m/sec)  Observed a t  
Churchill and Fort  Greely, July and August 1960 
76 
kn 
5c 
-
4c 
3c 
2c 
1C 
E 
4 0 
/ E  
0 d 
10 1 
September 196 1 
L 
(20 
1 
Fig,  10. Time-Height  Section of Zonal Winds ( m / s e c )  at 
F o r t  Gree ly ,  September 1961 
b. The Fall Reversa l  i n  Middle Latitudes 
As the data for  Wallops Island, f rom August 8 to  November 8, 1963, has  
not yet been discussed in the l i terature ,  it is shown in Fig.  11 as a t ime-  
height section. 
August 28 at 20 k m  to 35 km on September 18. 
60 km on September 12 and move rapidly down to 35 k m  by the 17th. 
region of light eas t  o r  west winds is found f rom 15-20 k m  i n  ear ly  August, 
expanding to 15-40 km in late September,  then narrowing and descending to 
about 15-30 km i n  late October. I t  may then be said that the r eve r sa l  zone 
r i s e s  from near 20 km in August to  50  km in September and descends to near 
25 km inOctober  a t  Wallops Island in 1963. 
Note how the ze ro  wind line definitely moves upward f rom 
Westerlies a l so  appear a t  
A 
c.  The Spring Reversa l  i n  Polar  Regions 
Although it is well established at  all stations that the spring r e v e r s a l  
moves downward from highest levels yet sampled, recent  data permi t  a 
comparison of a rc t ic  with antarct ic  data.  
change of the zero wind surface a t  McMurdo (78" S, 167" E) in the southern 
spring of 1962, compared with those for F o r t  Greely in northern spr ings of 
1962 and 1963. 
F igure  12 shows the height-time 
The heights for McMurdo were  taken f rom the height-speed graphs in  
the IRIG data tabulations. 
intersections along the ze ro  wind line were  definite and reliable. 
As the ver t ical  wind shea r s  were strong, the 
At Greely, the highest reported levele in  March 1963 were  45-60 k m  
which all showed westerly flow still,  so the ze ro  surface was above that 
region. 
ple intereectione with the z e r o  wind l ine,  To a r r i v e  at a bet ter  t ime in t e r -  
polation, time-epeed graphs for every 5 km were  used  for the levels above 
30 km, and the Scherhag Group's 10 m b  and 30 mb daily m a p  s e r i e s  were  
used to select the dates  of r e v e r s a l  a t  the two lowest levels. 
In April  the winde were  frequently light and variable making multi- 
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F ig .  12. Spring Reversal of Zonal Winds at McMurdo, 
1962 and Fort Greely, 1962, 1963 
In 1963 all levels were subjected to a 10-day period of anticyclonic 
influence in late April,  which was strong enough to cause  a r e tu rn  to e a s t e r -  
l ies  at 40 k m  and below, but only reduced the speed of the wester l ies  at 
higher levels.  
descent.  
0. 8 km/mo a t  McMurdo, 3. 3 k m  at Greely in  1962, and 0. 8 at Greely in  1963. 
Thus, the 1963 Greely reversa l  profile shows a staggered 
The rate of descent of the transition level on the average is about 
In summary ,  so far as compatibility of M/R and R/W data as applied to 
this particular problem is concerned, there is no r e a l  difference demonstrated 
so far i n  this interpretation of M/R and R/W data. 
account the different altitude ranges and latitudes to which the data apply, 
the representivity of any single observation and the ranges of probable e r r o r .  
At this stage, the inaccuracies  of both systems a r e  sufficiently la rge  and the 
variability of the var iables  so grea t  that reasonable s ta t is t ical  samples  are 
needed for both. 
quency of observation is so much higher than for  M/R,  that heavy reliance 
on a single observation is unnecessary.  
r e v e r s a l  p rocess  at high latitudes cannot descend at levels f rom 60-35 k m  
and ascend f rom 15-35 km. To date there a r e  still no observations with 
which to verify this.  
seasonal  r e v e r s a l  proces  s. 
One must  take into 
This gives R/W one enormous advantage: The routine f r e -  
There  is no reason why the fall 
At present ,  all data a r e  compatible with respect  to  the 
81 
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IV. LMPROVEMENT O F  THE METEOROLOGICAL ROCKET NETWORK 
A. The Requirements and Uses for M/R Data 
1. Operational Requirements 
Operational support for  aerospace sys tems is the sole requirement  
which has supported the present  M/R network development. 
the M/R program is s t i l l  operated almost  exclusively for  this purpose and as 
a resul t  the scientific u ses  below a r e  not adequately met .  
Unfortunately, 
Although there  is no present need for routine forecas ts  o r  numerical  
weather prediction ( N W P )  a t  levels above 30 km, and although the minimum 
upper-air  requirements  for  NPW a r e  s t i l l  far f rom being satisfied in the 
lower atmosphere, eventually N W P  may be applied in  the upper s t ra tosphere  
and mesosphere to help forecas t  the changes a t  lower levels.  
a l ready operational need for forecas ts  a t  20 km, and as a i r c ra f t  ceilings 
continue to r i s e  so will our need to understand atmospheric  motions at 
highest possible levels.  
levels above those for which there  is any R/W wind data. 
tological and forecasting experience a t  these levels before the operational 
requirements become more  pressing, M/R data should be available on an 
experimental basis ,  
There  is  
Also, large floating balloon sys tems now fly a t  
To obtain c l ima-  
2. Scientific Research  on Atmospheric Circulation 
The preeent upper l imit  on routine studiee of a tmospheric  motions is 
30 km, although the M/R data has  been used  experimentally to  es t imate  flow 
pat terns  at 5 0  k m  (Finger ,  e t  a l . ,  1963, Keegan, 1961). The greateet  bene-  
fi ts  of M / R  data will be to revea l  physical p rocesses  at higher levels which 
may help explain the remarkable  a tmospheric  changes observed at lower 
levels,  such a s  sudden warmings,  the timing of the annual ozone maximum, 
large -scale meridional circulations,  the ver t ical  extent and charac te r i s t ics  
a2 
, . 
of the quasi-biennial wind oscillation, atmospheric t ides,  the seasonal  
coupling of the mesosphere to  the stratosphere,  etc.  Thus, M/R data could 
serve  as a valuable r e sea rch  probe into atmospheric circulations a t  levels 
f rom 30-60 km. 
and synoptically at an adequate number of stations. 
To do SO,  however, the M/R data must  be taken regularly 
B. Considerations of Network Density and Frequency of Observation 
The WMO upper-a i r  network recommendations (WMO, 1960) for  u s e  in 
NWP with present  methods at temperate  latitudes is that stations be 500-600 k m  
apa r t  as a minimum, provided p res su re ,  temperature  and wind a r e  measured. 
If no wind is measured,  then 300-350 km spacing is required.  
tudes the distance should be smal le r ,  in  the tropics,  l a rge r .  In order  to 
place the Meteorological Rocket Network (MRN) problem in  its proper  pe r -  
spective, i t  should be realized that even now, about 25 yea r s  after the intro-  
duction of the radiosonde, the world network still needs 775 additional upper - 
air stations and 3786 surface stations. 
new o r  improved upper -a i r  and 100 surface stations are des i red  (WMO, 1963). 
Although the economic advantages of such stations a r e  easily demonstrated 
(surface and aviation forecas ts )  the financial difficulties in getting these 
added stations a r e  great .  
At high lati- 
As a n  immediate improvement, 53 
All practicing s t ra tospheric  analysts  will agree  that despite the present  
la rge  amount of M/R data,  synoptic analysis is severely l imited because of 
distribution and frequency of the observations. 
Probably too little i e  known st i l l  about the regions above 30 km to yet 
make numerical  es t imates  of the benefits to be derived f rom an  improved 
MRN. 
undergoing j u ~ t  8uch an  appraisal ,  may be of value. 
is one by Salmela (1959) who studied the effect of variable coverage at 500, 
300, and 200 mb monthly mean maps,  
in geostrophic winds read  from incompletely plotted maps increase 
However, the experience of the R/W network, which is  current ly  
Among the experimentB 
His main resu l t s  a r e  that: 1) e r r o r s  
upward 
, 
to the l eve l  of maximum wind speed; 2) when data a r e  spa r se  the e r r o r s  a r e  
grea tes t  in troughs, but these e r r o r s  decrease  rapidly a s  network improves;  
3 )  the rate of improvement in accuracy i s  grea tes t  when going f rom ze ro  to 
one -fourth network coverage and a l so  f rom three -quarters  to full coverage. 
Thompson (1963) points out that the smaller  the synoptic scale ,  the 
grea te r  the observational accuracy required to compensate for the smal le r  
intensity sys tems often found at  a smaller  scale .  
data may have to improve a s  the density increases .  
hope that with new computer methods becoming available, it  will be possible 
to c a r r y  out controlled numerical  experiments with simulated networks having 
specified character is t ics .  
depends on density and location of stations,  frequency of observations and 
their standard e r r o r .  
Thus, the accuracy of M / R  
He also holds out the 
This could show how the accuracy of analysis 
The observational probability of a disturbance in the upper s t ra tosphere 
and mesosphere being detected depends on the spacing of rocketsonde stations 
and their  frequency of observation a s  well as  the character is t ic  s ize  of the 
disturbance and i t s  velocity. 
cludes energy contributions of: 
tides and gravity waves, 2) intermediate frequencies caused by baroclinic 
waves which project themselves as moving a symmet r i e s  of the circumpolar  
circulation, and 3 )  low frequencies due to the insolational cycle and perhaps 
the quasi-biennial cycle,  
independent fluctuations may produce a charac te r i s t ic  synoptic pattern.  
The spec t ra  of disturbances in this region in-  
1) high frequencies caused by atmospheric  
At any given t ime,  the resultant of s eve ra l  of these 
As our pr ime interest  i s  to descr ibe the intermediate and low frequency 
disturbances, the effect  of atmospheric tides must  be excluded f rom the data 
a s  the magnitude of these fluctuations in some cases  is l a rge r  than the mag- 
nitudes of the disturbances we wish to descr ibe.  
synchronous firing of rockets f r o m  stations along different meridians taking 
into account the semidiurnal and diurnal e f fec ts  o r  by using the combined 
resu l t s  predictable by theory and f r o m  the few available observations to 
normalize the data with respect  to local t ime. Once this has  been done, the 
data contains pr imari ly  only information on the scale  of features  we wish to 
descr ibe.  Our next inquiry should be on the propagation of the intermediate 
This can be done by 
84 
and low frequency features .  As ascents  from rocket stations a r e  not taken 
a t  the same  time (although the frequency of observations may be nearly the 
same a t  all stations),  it  is necessary to define an interval  of sampling in  
which all rocket stations have taken one ascent. 
mately one week based on cur ren t  operational rocket network requirements .  
It is c l ea r  that  disturbances which pass  through the network in  l e s s  than one 
week's t ime will not be described. 
synoptic disturbances at these levels can be seen f rom daily 10 mb maps 
(Scherhag Group). If the circulation at levels near 50 k m  can be expected 
to resemble that at 30 km, then we should expect it to be controlled by a n  
active winter polar -night vortex which is frequently disturbed by per turba-  
tions f rom lower latitudes, especially f rom over the oceans,  and by a stable 
and relatively quiet summer  (June, July) anticyclone. The development and 
destruction of the polar-night vortex and the motion of troughs and ridges 
around its periphery as well as the motion of the mar i t ime subtropical anti-  
cycles  can  only be detected by a properly spaced station network. 
This interval  is  approxi- 
An idea of the scale  and motion of 
Gleeson (1959) suggestr  a method to estimate the probability of detecting 
a disturbance with a given network, which can be applied to this  problem: 
The probability (P) of observing a disturbance of s ize  (S )  in  a network of (n)  
stations in a region (R)  is given by: 
P = 1 - (1  - S / R ) "  
if the (n)  statione a r e  randomly distributed, F r o m  the exirting rocket r t a -  
t ionr,  it i r  porrible to define euch a network i f  we pick rtationr that  ratirfy 
thir  cr i ter ion.  It ir to be noted that all rocket r tationr cannot be u red  to 
f o r m  much a network a r  the re  i r  a definite biar in  their  location, and the 
above equation would give erroneour  rerul t r .  If we choore (R) to  be the 
region bounded by 20' -70'  N latitude and 60' - 160' W longitude and include 
the following s ix  stations: F o r t  Greely,  Churchill, Hawaii, Point Mugu, 
Cape Kennedy and Bermuda, we may be justified in using the above equation. 
t 
If we express the character is t ic  s ize  of the disturbance (S) as a fract ion of 
(R),  t hen  the probability of detection of the disturbance is shown by (P) in 
Table 22. 
more  stations to this network are a l so  calculated. 
In this table,  the effects of including one m o r e  station and five 
Table 22. Probability ( in  percent)  of observing fea tures  of various 
s i zes  by different numbers  Bf randomly spaced stations 
in  a n  a r e a  of 42.5 x 10 6 km and the magnitude of the 
uncertainty of isoline locations used to descr ibe these 
d ie  turbanc e s . 
Av e rage ’ 6  p7 p1 1 Di s turbance 
Diameter (km) S/R 
4000 
3000 
2000 
1000 
800 
600 
400 
0. 30 88 92 98 
0. 17 66 73 87 
0. 074 37 42 57 
0. 018 10 12 18 
0. 012 7 8 12 
0. 0067 4 5 7 
0. 0030 2 2 3 
Uncertainty of iooline location, ( R / n ) ” 2 ,  in  k m  
3 2 . 7 ~  10 2 . 4 ~  10 2 . 0 x  10 
Following the detection of a disturbance, i t  i o  des i red  to find out a s  much 
about i t s  intenoity and extent a r  porsible.  
the uncertainty alreociated with the isoline8 deocribing the disturbance. 
Gleeeon, in a n  application of uncertainty principles to meteorology, concludes 
that the uncertainty in the location of isolines i o  the oame order  of magnitude 
a s  ( R / ~ I ) ’ ’ ~ .  Thio quantity is aloo indicated in Table 22 for various numbers 
of otations (n)  in region (R). 
In par t icular ,  one wirhes  to know 
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It can be seen  that cur ren t  rocket stations a r e  probably adequate for the 
detection of la rge  scale  features  in  mid-latitudes, but that the network should 
be expanded to  include broader  area coverage in the a rc t i c  and tropics.  
This will allow fo r  a bet ter  chance of detection of disturbances common to 
these regions. Fu r the r ,  the uncertainty i n  locating isolines for a synoptic 
analysis  is approximately 2700 k m  for  the existing rocket network. 
inaccuracy b a r s  any reasonable description for  climatic purposes.  
This 
C .  Recommendations for  Long -Te rm Improvements in  the Meteorologi- 
cal Rocket System and Network 
1. Network 
It is suggested that additional stations be considered in  the region of the 
Grea t  Lakes,  Great  Slave Lake, Great  Bear Lake, the Aleutians, the 
Canadian arctic islands,  Greenland, the west coast  and eas t  coas ts  of 
Canada, the coas ts  of Alaska, as well as on ocean weather ships. 
With r ega rd  to frequency of observation, this should be daily during the 
very  active winter and transit ion seasons (August through May), especially 
at latitudes above 45 degrees ,  but during the relatively quiet months of June 
and July once weekly may be sufficient for most  purposes.  
particularly needed a t  high latitudes during the fall transit ion (August 15 to 
September 15). 
Ascents a r e  
To a s s u r e  s t r ic t ly  synoptic observations, the M / R  program should be 
operated independently of other miss i le  operations, o r  coordinated in  such a 
way that the range faci l i t ies  a r e  available a t  the specified scheduled time 
each day. 
ascents  taken nearby. 
Rocket ascent8 muet be supported by nearly erimultaneous rawin 
2. Data Reduction and Reporting 
One cannot help wonder i f  there  i s  any other physical science in  which 
comparably expensive data a r e  taken without knowing even the type of in-  
struments used, let  alone not having an est imate  of the probable e r r o r  of the 
data. 
each M / R  ascent which takes into account the par t icular  equipment and p ro -  
cedures  used on each firing. 
An est imate  of data accuracy and reliability should be included with 
A detailed description of M / R  data reduction methods should be published 
to allow use r s  to evaluate significance of published data. 
The observed radar  data should be evaluated so as to give values both a t  
regular height intervals and for significant levels. 
ver t ical  resolution var ies  f rom 700-4000 m between consecutive winds. 
Intermediate radar  measurements  are actually made but a r e  ignored i n  the 
data reduction process  because of the fixed t ime interval ra ther  than height 
interval over which data a r e  averaged. 
The present reported 
-
The desirable frequency for taking measurements  during an ascent  should 
be r e  -examined in view of their  application to  theoretical ,  climatological and 
practical  problems. 
used. 
This may have to be a function of the particular sensor  
The basic tracking and te lemetered data should be on magnetic tape and 
copies of these data tapes should be available to potential u s e r s ;  otherwise,  
a standard proceasing procedure and publication format  should be adopted 
which c a n  moat reasonably accommodate the var ious posaible applications of 
the data. 
The radar data reduction procedure appears  to be unnecesaarily com-  
plicated by uring a combination of computer and manual methods. 
be possible to  improve resolution and accuracy  by use  of automatic data 
processing methods alone. 
It ahould 
Objective l imits  should be established for terminating chaff observations 
in t e r m s  of the diffusion of the chaff cloud, 
aa 
3. Accuracy 
Careful  experimental  accuracy determination of all sys tems and proce - 
Statist ical  evaluation of the propert ies  of data reduction du res  is essential .  
proceihres, such as the example of variation with altitude of the ver t ical  
resolution of published M/R wind data which was manually evaluated he re  for 
a single month, should be c a r r i e d  out by computer for  the ent i re  record  of 
M/R wind data in o rde r  to see  what seasonal o r  latitudinal effects may exist .  
4. Survev of M/R and R / W  Svstems 
A cu r ren t  handbook is needed which descr ibes  the propert ies  of all M / R  
vehicles,  sensore ,  tracking equipment and data reduction procedures  so that 
data can be compared on a rational bas i s ,  
foreign M/R sy r t ems  as well. 
The handbook should include 
The br ief  tabular summary of properties and charac te r i s t ics  of M/R 
ry r t ems  in thin report  ie  based only on available l i t e ra ture ,  
evaluation of accuracy could be prepared f rom di rec t  conrultation with 
experienced inetrumentation specialiete. 
A more  rpecific 
A8 adequate lower atmorpheric  information is needed to interpret  M/R 
data, a r imi la r  handbook rhould be prepared deecribing all radiosonde and 
rawin rye temr ,  explaining where and when ured,  and including all U. S. and 
foreign rys t emr .  
5. Goalr for Eventual Improvement of the M/R Syrtem 
The following porr ibi l i t ier  rhould be eonride red: 
1) The rtandardizatisn of M/R wind finding ays tamr;  this rhould 
include a rcen t  vehicler,  targete ,  tracking method8 and data 
r e du c t io n , 
2) The development of a new type of inexpensive M / R  with a 
frangible case  and engine, which would reduce res t r ic t ionr  
on obrervation r i tes  and allow improved epacing of rtations.  
3) A single vehicle system which would give information f rom 
ground up to at least 60  k m  within one hour ' s  time. 
4) A system whose launch is l e s s  sensitive to winds, enabling 
more frequent ascents  in bad weather. 
5 )  An international competition to design more  accura te  and 
especially l e s s  expensive M/R sys tems to help meet  the 
above goals. This incentive should help bring a st ronger  
effort into solving these problems, 
6) A modern, standard s t ra tospheric  rawinsonde sys tem to be 
adopted by the many different u s e r s  in  the North America.  
An international instrument  is needed even more.  
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